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Two of the most prevalent plant viruses infecting orchids worldwide- Cymbidium
mosaic virus (CymMV) and Odontoglossum ringspot virus (ORSV) were studied. Genetic
variability of the coat protein gene in the viruses from different geographical areas were
investigated. The results indicated that  the coat protein genes could be ideal candidates in a
pathogen-derived resistance strategy. Therefore, an attempt was made to produce transgenic
Dendrobium Sonia orchids resistant to CymMV and ORSV. Synergistic and complementary
interactions between CymMV and ORSV were also investigated.
Sequence variability in coat protein gene sequences of CymMV and ORSV from
Korea, Singapore and Taiwan were investigated. The data were compared with published
coat protein gene sequences. In both the viruses, the N-terminal sequence of the coat protein
was more conserved than the C-terminal and  no particular region of variability could be
defined. In a comparison of all the sequences determined in this study and those published in
the GenBank databases, we did not find clustering based on geographical distribution or
sequence identity. Such high sequence conservation suggests that CymMV and ORSV coat
protein genes are suitable candidates to provide resistance to orchids in different geographical
areas.
To clonally propagate virus resistant orchids, plant material from  Dendrobium Sonia
previously cultured in vitro was used. The liquid culture medium proved unsuitable.
Therefore, the cultures were grown on solid medium. However, the alterations in culture
protocols were insufficient to prevent death of the explants.
xxi
Interactions of complementation and synergism between CymMV and ORSV were
studied. A model plant system Nicotiana benthamiana, a systemic host of CymMV and
ORSV was used in these studies.
Complementation between CymMV and ORSV was studied using the transgenic
plant approach. Coat- and movement- proteins of CymMV were introduced into Nicotiana
benthamiana by Agrobacterium mediated transformation. Mutations were created in the full-
length infectious cDNA clones of both CymMV and ORSV. The movement protein genes of
CymMV and ORSV displayed reciprocal cell-to-cell complementation. ORSV coat protein
was able to support the long-distance movement of in vitro transcripts of a coat protein
deficient CymMV clone.  However, the  CymMV coat protein failed to support the cell-to-
cell and long distance movement of in vitro transcripts of ORSV.
Synergism between CymMV and ORSV was observed with an enhancement of host
symptoms in doubly infected plants compared with singly infected plants. A molecular
approach to the investigation revealed that ORSV RNA accumulation was enhanced in
double infections, than in single infections of the virus alone. The accumulation of CymMV
showed a slight decrease in double infections than in single infections of CymMV alone.
Plants inoculated with in vitro transcripts of one virus mixed with those of a coat protein
deficient mutant of the other virus, showed no synergistic symptoms at all. Transgenic plants
carrying the CymMV coat protein allowed ORSV RNA to accumulate to levels similar to
those observed in double infections and displayed symptoms highly similar to doubly
inoculated plants. These results demonstrated that the CymMV coat protein is capable of
inducing the synergism effect when co-inoculated with ORSV.
1CHAPTER 1
INTRODUCTION
1.1. Cymbidium mosaic virus (CymMV) and Odontoglossum ringspot virus (ORSV)
1.1.1. Economic significance and incidence of CymMV and ORSV
Many members of the orchid family produce  flowers in diverse shapes and exotic
colours. These valuable flowers are a major product of the cut flower industry in
Thailand, Singapore and other South-east Asian countries. The world market for tropical
orchid cut flowers is estimated to be worth about S$180 million. Singapore is the second
largest exporter of tropical orchid cut flowers (Yearbook of Statistics, Singapore, 1996).
About 80 different hybrids of the major genera of orchids are cultivated in Singapore.
    The orchid industry is affected by reduction in flower yield and quality caused by
various pests and diseases. Of more than 50 viruses infecting orchids, Cymbidium
Mosaic Potexvirus (CymMV) and Odontoglossum Ringspot Tobamovirus (ORSV) are
reported to be the most prevalent and economically important (Zettler et al., 1990). Both
these viruses have been known for more than 50 years (Jensen and Gold, 1951) and have
attained a world-wide distribution. In Singapore, the occurrence of  CymMV infection in
orchids is higher than that of ORSV (Wong et al.,1994). Prevalence of these two orchid
viruses results in significant economic losses to the orchid industry caused by stunted
growth and reduction in flower size and quality. Studies of these two viruses at the
molecular level will help alleviate the impact of these viruses on the orchid industry.
21.1.2. Host range and symptomatoglogy
     The natural hosts for CymMV and ORSV are the orchids. CymMV causes sunken
chlorotic or necrotic patches on the leaves. In infected plants, the flowers become
deformed and exhibit colour breaking symptoms. ORSV causes mottles, streaks, stripes,
mosaics or ringspots on the leaves. Infected flowers show ringspots and colour breaking.
However, these viruses can infect plants without showing obvious foliar and floral
symptoms.
    In addition to orchids, CymMV and ORSV are able to systemically infect a
number of other plant species. Some of the plants they infect are indicated in Table 1.1.
Of these, a common systemic host is the Solanaceous plant, Nicotiana benthamiana.
Intermittent white lines on the leaves are typical symptoms of CymMV infection in these
plants. Mild mosaics on leaves and distortion of emerging leaves are usual sympotoms of
ORSV in N.  benthamiana.
1.1.3. Mode of  transmission
    CymMV and ORSV are transmitted mechanically by inoculation of infected sap
and contaminated cutting tools, equipment and potting media. These relatively heat stable
viruses are able to retain infectivity for long periods in plant sap (Francki, 1970; Wisler et
al., 1986). They are not transmitted by vectors or seeds (Namba and Iishi, 1971).
1.1.4. Molecular structure and composition
CymMV belongs to the potexvirus group of viruses. Potato Virus X is the type member
of this group. Viruses of this group are typically flexouous and filamentous, and the
particles are 450-550 nm long (Francki, 1970). CymMV particles measure 480 nm in




































4length and 13 nm in width. CymMV has a positive sense single-stranded RNA genome
that is capped at the 5’-terminus and polyadenylated at the 3’-terminus. CymMV genomic
RNA is 6227 nucleotides (nt) in length, excluding the poly (A) tail at the 3’-terminus
(Wong et al., 1997). As is with all potexviruses, the CymMV genome consists of five
open reading frames.  They are the RNA- dependent RNA polymerase (RdRp) gene, the
triple gene block (TGB) comprising of three overlapping genes and a coat/capsid protein
(CP) gene (Fig. 1.1).
    The RdRp gene (nt 73-4326) produces a 160 kilo Dalton (kDa) protein with three
conserved domains: the methyltransferase domain (nt 73-975), the putative NTP-binding
domain (nt 2049-2583) and the core binding domain (nt 3355-4101) (Wong et al., 1997).
There is a six-nt intergenic region between the ORFs 1 and 2. ORFs 2, 3 and 4 overlap
each other, are constituted by the TGB (nt 4333-5478) that is considered to be the
movement protein (MP) gene. The MP gene encodes  three proteins of 26 kDa, 13 kDa
and 10 kDa respectively (Wong et al., 1997). TGB 1 (nt 4333-5022) contains the NTP-
binding helicase motif (nt 4420-4446). A consensus sequence
PXXGDXXHXXPSGGXYXDGTKXXXY is seen in the TGB 2 gene (nt 5115-5189).
This sequence is also seen in other potexviruses and the carlaviruses. TGB 3 contains a
high level of variability (Wong et al., 1997).  The CP gene constitutes ORF 5 (nt 5480-
6152) and is responsible for encapsidation of the viral RNA. N-terminus of the CP
displays high level of variability and often results in low serological cross-reactivity in
potexviruses (Chia et al., 1992).
5               Fig. 1.1. Schematic representation of the genome of CymMV





































Figure 1.3. Genome organization and translational strategy of CymMV. Open rectangles
represent ORFs. UTR denotes untranslated region. Colored bars indicate proteins synthesized


























Figure 1.4. Genome organization and replication strategy of ORSV. Open
rectangles represent ORFs. UTR denotes untranslated regions. Colored bars
represent proteins synthesized. Drawing is not to scale.
8ORSV belongs to the tobamovirus group. This virus produces particles that are
rigid and rod-shaped, and are approximately 18 x 300 nm with a central hollow core that
is 4 nm in diameter (Webster and Granoff, 1994). This virus has a single-stranded
positive sense RNA genome, which has a cap structure at the 5’-terminus but is not
polyadenylated at the 3’-terminus. The Singapore isolate of  ORSV (ORSV-S1) has a
genomic RNA that is  6609 nt long (Chng et al., 1996) and encodes four genes: the
126/183 kDa RdRp at nt 63-3401/4901, the 33 kDa MP gene at 4807-5718 and the 18
kDa CP gene at nt 5721-6197 (Fig. 1.2). The 126 kDa and 183 kDa proteins of the RdRp
are translated from the same ORF, with the latter being produced by the readthrough of a
leaky amber stop codon of the 126 kDa protein at nt 3399. Three functional domains have
been identified in the RdRp of ORSV-S1. The first domain, the putative
methyltransferase (MTase, Habili and Symons, 1989), has four distinct conserved motifs
(I-IV) (Alonso et al., 1991) located at aa 72-287 (Chng et al., 1996) and may be
responsible for the MTase activity that is required for cap formation. The second is the
helicase domain at aa 820-    1074 (Chng et al., 1996) with six conserved  motifs (I-VI)
(Habili and Symons, 1989; Evans et al., 1985; Gorbalenya and Koonin, 1989). The third
is the polymerase domain defined by a GDD consensus sequence and contains four
conserved motifs (A-D) from aa 1372-1503 (Chng et al., 1996).
    The 33 kDa MP gene (nt 4807-5718) overlaps with the 3’-terminus of the RdRp
by 94 nt and is required for cell-to-cell movement of the virus (Ryu and Park, 1995). A
putative origin of assembly (Oa) of ORSV-S1 is located whin the MP gene. The
secondary structure of the Oa has been determined to possess two loops and a XXG
9repeat motif and are necessary for binding and initiation of assembly of the coat protein
(Turner et al., 1988; Chng et al., 1996).
    CP gene (18 kDa) of ORSV begins only two nt downstream of the MP and extends
from nt 5721-6197. In ORSV-S1, this gene reveals three highly conserved RNA-binding
motifs (Chng et al., 1996).
    The 5’-untranslated region (UTR) is 62 nt long and contains three copies of
ACAATTAC direct repeats and eight copies of CAA or ACA triplets in the W region.
Containing 412 nt, the 3’-UTR is characterized by a tRNA -like structure and three
consecutive homologous regions (Chng et al., 1996).
1.2. Sequence Variability in the CP genes
    Viruses retain their genetic structure during replication, altering only to a very
minor degree, thus giving rise to variants. Lack of a proof-reading mechanism in RNA
viruses causes the variation during replication (Steinhauer et al., 1992). Mutant forms may
carry random mutations as compared to the parent strain, or they may be restricted to
particular regions of the genome. These variations provide the basis for virus evolution.
Viruses have extremely high evolutionary capacities, which has enabled them to parasitize
all known groups of organisms and constantly broaden their host range.  Mutation and
recombination produces variants that can be distinguished on morphological, biological
and serological lines. When the variants can be grouped based on their differences in
epidemiology, serology and the host range, they are referred to as distinct strains
(Matthews, 1991). A single virus particle gives rise to a local lesion, from which new
mutants can appear. It is therefore highly likely that a virus culture actually consists of
more than one strain. The concept is described by the term quasispecies (Domingo et al.,
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1995, Eigen 1993, 1996; Holland et al., 1992; Moya and Garcia-Arenal, 1995) which was
introduced to reflect the nature of RNA virus populations. The quasispecies concept
predicts that a virus isolate rather than being a single RNA sequence is a mixture of
mutant sequences that average around a consensus sequence. In any population, biological
selection acts on the quasispecies to allow variants with improved fitness to arise, survive
and dominate. These variations make it possible to classify the viruses. In some viruses
such as BBTV (Wanitchakorn et al., 2000), PNRSV ( Vaskova , et al., 2000), RMV
(Webster, 1999) and CTV (Ayllon et al., 2001), it has been possible to classify the isolates
into different groups based on geographic origin and pathogenicity. In CarMV (Canizares
et al., 2001) and AMV (Parella , et al., 2000), definite co-variations at specific amino
acids (aa) in the CP genes allowed the classification of geographically distinct virus
isolates. Similarly, PSBMV isolates from Pakistan could be placed into three different
subgroups based on the differences in aa at twelve positions in the CP gene (Ali  et  al.,
2001)
    There have been previous reports of variability studies in the sequences of
potexviruses and tobamoviruses. In a comparative study of the CP sequences of eight
potexviruses infecting different host ranges, an overall similarity in aa composition was
observed, with variation of structurally important aa such as lysine, arginine, leucine and
proline (Short et al., 1987). This could not lead to classification of the viruses. Members
of the genus Tobamovirus have been shown to be genetically stable. A highly stable
population maintaining its diversity through time has been reported in PMMoV
(Rodriguez-Cerezo  et al., 1989). In a comparison of TMGMV isolates infecting Nicotiana
glauca from Australia, California and Spain, sequence similarity was reported, and no
variable regions could be identified. (Fraile  et al., 1996). An Australian isolate of
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TMGMV infecting Nicotiana glauca showed no increase in genetic diversity over a 90-
year span (Fraile  et  al., 1997).
    In this study, we focused on the genetic heterogeneity of the capsid protein genes
of CymMV and ORSV and the possible occurence of variability in isolates from different
geographical locations is investigated.
1.3. Regeneration of transgenic orchids
    The success of biolistic techniques has made gene delivery into intact plant tissues
a reliable process with many significant applications in plant biology. For success with
this method, several parameters such as material and size of particles used in delivery,
various means used to adsorb DNA to the particles, coating procedures and velocity of the
particles need to be carefully considered. In addition, the efficiency of gene transfer is also
associated with the target tissue. All these factors cumulatively make biolistic
transformation cumbersome. Nevertheless, this method has been widely used to transform
both monocotyledonous and dicotyledonous plant species. Transformation of orchid
cultivars  by this method has also been successful. (Nan and Kuehnle, 1995; Kuehnle and
Sugii, 1992; Yang et al., 1999).
    Genetic transformation mediated by Agrobacterium has  been successful among
dicotyledonous plants and is gradually being extended successfully to monocotyledonous
plants. Few reports are available on the successful Agrobacterium-mediated
transformation of orchids. In the first of such reports, Dendrobium protocorms harbouring
the reporter gene, GUS were produced (Nan et al., 1998). Transformation of Dendrobium
with the orchid DOH1 antisense gene was achieved by Agrobacterium-mediated
transformation (Yu et  al . 2001).
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    Since this widely used gene transfer method could have a useful impact, we
explored the possibility of producing  transgenic Dendrobiums  harbouring the capsid
protein genes of CymMV and ORSV.
1.4. Synergism in CymMV and ORSV
    Multiple virus infections are  commonly seen in the plant kingdom. Doubly or
multiply infected plants show symptom intensification in the host plants. The phenomenon
of severity of symptoms and higher amounts of virus accumulation of one or both viruses
involved is referred to as synergism.  Many synergistic interactions involving a potyvirus
with other unrelated viruses have been described. Potyvirus associated synergisms include
the CaMV (Khan and Demski, 1982), PVX (Rochow and Ross, 1955) and CPMV (Anjos
et al., 1989). In these synergisms, the intensification of disease symptoms is due to the
increased accumulation of the non-potyvirus component, with the level of the potyvirus
remaining unchanged (Rochow and Ross, 1955; Calvary and Ghabrial, 1983; Goldberg
and Brakke, 1987; Vance, 1991). Not all potyvirus related synergisms follow this pattern.
In PeMoV  mixed infections with either TSVW (Hoffmann et al., 1998) or BPMV (Anjos
et al., 1992), no synergism was observed.  Enhanced potyviral accumulation was observed
(Karyeija et  al., 2000) while reduction of potyvirus has been reported (Poolpol and
Inouye et al., 1986) in mixed infections with another virus. Of the potyviral synergisms,
the PVX-PVY (Potato virus Y) synergism in tobacco has been well characterized
(Rochow and Ross, 1955; Goodman and Ross, 1974b; Vance et al., 1991). Doubly
infected plants show severe vein clearing, necrosis of the first systemic leaf and increased
accumulation of PVX. This synergism occurs by expression of the 5’ proximal sequence
encoding P1, helper component-proteinase and a fraction of P3 (the P1/HC-Pro sequence)
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of the potyviral genome (Vance et al., 1995). Mutational studies on the P1/HC-Pro
sequence have shown that the amino-terminal ‘zinc-finger’ domain of HC-Pro is
dispensable for induction of synergistic disease and transactivation of PVX multiplication,
while regions within the central domain of HC-Pro are essential for both these responses
(Shi et  al., 1997). The central domain of HC-Pro mediates the suppression of
posttranscriptional gene silencing (PTGS) (Anandalakshmi et al., 1998; Brigneti et al,
1998; Kasschau and Carrington, 1998). These results suggests that the two phenomena
may be linked. The P1/HC-Pro sequence of potyviruses also enhances the pathogenicity
and accumulation of TMV and CMV (Pruss et al., 1997). In the synergism between CMV
and the potyviruses, ZYMV and Watermelon mosaic virus WMV, enhanced accumulation
of CMV occurred (Wang et al., 2002). In the synergistic interaction of MCMV and
WSMV, a potyvirus, the RNA concentrations of both the viruses were increased in mixed
infections (Scheets, 1998).
    Synergism has been observed between potexvirus and tobamovirus in double
infections (Goodman and Ross, 1974; Taliansky et al., 1982a). Symptom severeity in
plants doubly infected with CymMV and ORSV has been reported (Lawson and
Brannigan, 1986: Hadley et al., 1987). Double infections of CymMV and ORSV resulted
in severe mosaic symptoms with necrotic streaks (Pearson and Cole, 1991). The molecular
details of RNA accumulation in this double infection have not been determined. The
increase in symptoms may be related to accumulation of either or both viruses. In an
orchid protoplast system, co-electroporation of CymMV and ORSV RNA resulted in
enhancement of replication of both viruses when compared to singly electroporated
protoplasts (Hu et al., 1998). This indicates that CymMV-ORSV synergism is caused by
an enhancement of RNA replication.
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    In this study, we investigated the phenomenon of synergism between CymMV and
ORSV in the model system N. benthamiana. Since 14% of cultivated orchids are doubly
infected with CymMV and ORSV producing exacerbated symptoms, we considered
further investigations into this phenomenon to be of considerable interest.
1.5. Complementation of MP and/or CP genes
    As described earlier, the structural organizations of CymMV and ORSV differ
considerably, since they belong to unrelated taxonomic groups. The main distinction in the
gene organization lies in the difference in the MP. In both CymMV and ORSV, the MP
gene product performs the function of cell-to-cell movement of the virus, while the
product of the CP gene allows for long-distance movement. While the ORSV MP is
expressed from a single ORF, and produces a single product, the MP of CymMV produces
three gene products expressed from the TGB. Despite the structural differences in the
organization of the MPs, complementation of MP function has been noticed between
unrelated groups of plant viruses (Atabekov and Taliansky, 1990; Ziegler-Graff et al.,
1991; Taliansky et al., 1993; Fuentes et al., 1991; Richins et al., 1993). When the BSMV
TGB coded MP was replaced with the 30-KDa MP of TMV, the hybrid virus was able to
produce cell-to-cell infection in a host-dependent manner, but was however, unable to
produce systemic infection (Solovyev et al., 1996). The functional equivalence of the MPs
of TMV and RCNMV was studied using several approaches- creation of a chimeric virus
in which the TMV MP gene was replaced by the RCNMV MP gene, complementation of
movement-defective viruses by MP genes expressed in transgenic plants and helper virus
complementation of movement-defective viruses. In all these experiments, the MPs of
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both TMV and RCNMV were able to provide cell-to-cell movement function to the
heterologous movement-defective virus (Giesman-Cookmeyer et  al., 1995).
    Functional complementation of Potexvirus-Tobamovirus genes have been
reported. Cell-to-cell movement of PVX is complemented efficiently by tobamoviruses
(Taliansky 1982 a, b, c; Morozov et al., 1997; Atabekov et al., 1999). The MP of SHMV
can substitute functionally for the PVX MP and CP (Atabekov et al., 1999).
Cobombardment of plant tissues with MP deficient, GUS gene tagged PVX and cloned
TMV MP gene showed that the TMV MP was functionally able to substitute the PVX MP
(Morozov et al., 1997).
    Various approaches have been used to study the phenomenon of heterologous
complementation of virus movement. The MP function was retained in a chimeric virus in
which the native MP was replaced by the MP of a related virus (De Jong and Ahlquist,
1992; Solovyev et al., 1996). Co-bombardment of plant tissues with expression vectors
carrying the movement-deficient virus and the MPs also produced complementation
(Morozov et al., 1997). Co-inoculation of movement-deficient virus with the
complementing virus (Taliansky et al., 1982a, b, c) or with replicons expressing the
heterologous viral MP (Lauber et al., 1998).  In this study, we look at the possible
complementation of the MP and CP genes of CymMV and ORSV using the transgenic
approach in the N.  benthamiana model system.
1.6. Molecular Biology of PVX
    PVX is the type member of the Potexvirus group. It has a positive sense single-
stranded RNA genome that is 6.4 kb long, and is capped at the 5’ terminus (Sonenberg et
al., 1978) and polyadenylated at the 3’ terminus (Morozov et al., 1981). Four RNAs are
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produced in PVX, the genomic RNA 1 which is functionally monocistronic and translated
by the ribosomes, and three sub-genomic RNAs (RNAs 2-4). The complete nucleotide
sequence of PVX has been determined (Huismann et al., 1988; Orman et al., 1990;
Skyrabin et al., 1988). Five principal ORFs have been identified, which produce four
nonstructural proteins (165-kDa, 25-kDa, 12-kDa and 8-kDa) and the coat protein (21-
kDa).
    The protein produced by ORF 1 is the RdRp, and mutations in this gene disable or
eliminate virus replication (Davenport et al., 1997). MP of PVX is constituted by ORF 2,
3 and 4 are designated as the triple gene block. ORF 2 produces a 25-kDa protein that is
expressed by translation of the 2.1 kb subgenomic RNA 2, while the ORFs 3 and 4
produce the 12-kDa and 8-kDa proteins expressed from the 1.4 kb subgenomic RNA 3
which is functionally bicistronic (Morozov, 1991; Verchot et al, 1998). The protein
produced by ORF 5 is the CP and is required for cell-to-cell movement and encapsidation
of the viral RNA.
    The reason for the overlapping of the three TGB ORFs is unknown. TGB is
involved in cell-to-cell movement of the virus. This is suggested by mutational studies of
the WClMV where the ORFs of the TGB (ORFs 2, 3 and 4) are required for systemic
spread in plants but not for replication in protoplasts (Beck et al., 1991). The 25 kDa TGB
protein increases the SEL of plasmodesmata (Angell et al., 1996), although it may be in
conjunction with other viral proteins. In WClMV, the TGB1 performs the same functions
as other viral MPs. Microinjection experiments have shown that the TGB1 function is to
increase the SEL of plasmodesmata, mediate its own cell-to-cell transport through the
plamodesmata of the mesophyll and hence potentiate the cell-to-cell spread of viral RNA.
The TGB 1 has hence been regarded as the MP of the TGB viruses, but it requires the
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presence of two additional viral-encoded proteins, the TGB 2 and 3 for efficient cell-to-
cell transport. Mutations in the 12 kDa, 8 kDa and CP genes inhibited viral intercellular
movement of PVX. Plasmodesmatal gating was not an essential function of these proteins
for virus cell-to-cell movement. This indicated that these proteins provide other activities
essential for virus cell-to-cell movement (Krishnamurthy et al., 2002).
Proteins coded by the CP are essential for cell-to-cell spread of PVX infection
(Chapman et al., 1992 a;b; Baulcombe et al., 1995; Fedorkin et al., 2001). The PVX CP
does not modify the SEL of the plasmodemata and lacks the intrinsic trafficking properties
associated with the viral MP (Fujiwara et al., 1993; Noueiry et al., 1994; Waigmann et al.,
1994; Ding et al., 1995). However, during intercellular viral movement, the CP acts as an
essential PVX RNA binding protein and is localized to the plasmodesmatal pores (Oparka
et al., 1996; Santa Cruz et al., 1998). This implies that the CP and viral RNA are
associated during cell-to-cell movement, either as virions or as a ribonucleoprotein
complex (Santa Cruz et al., 1998). In WClMV, the TGB1 is unable to transport the viral
RNA in the absence of the CP. WClMV CP interacts with the TGB1, viral RNA or both,
and enables the ribonucleoprotein complex to to increase the SEL of the plasmodesmata
and hence support viral RNA transport. WClMV spreads as a viral ribonucleoprotein
complex consisting of TGB1, WClMV ss RNA and CP, moving through the
plasmodesmata (Lough et al., 1998).  These features imply that in addition to its role in
encapsidation of the viral RNA, the potexvirus CP plays an important role in cell-to-cell
movement of the viral RNA.
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1.7. Molecular Biology of TMV
Assigned as the type member of the Tobamovirus group, the TMV genome is
similar to that of ORSV. The RdRp, the MP and the CP genes encode four proteins. The
RdRp produces the 183 kDa and 126 kDa protein, while the MP and CP produce the 30-
and 17-kDa proteins respectively  (Goelet et al., 1982). The positive sense genomic RNA
is monocistronic, and only the 126/183 kDa proteins are translated from it. The positive
sense genomic RNA is replicated into a negative-sense strand, which is used as a template
to produce the positive sense genomic and subgenomic RNAs. The 30 kDa MP and 17
kDa CP are produced from the 3’-coterminal subgenomic RNA 1 and 2 respectively.
(Meshi et al., 1992).
   RdRp produces two proteins - the 126 kDa protein and the 183 kDa protein by
translation by the same ORF by a leaky amber stop codon. Aa sequences of these proteins
show similarity to the RdRp of other viruses and other proteins involved in RNA
replication (Meshi et al., 1992). They are detected during early infection and are the only
proteins translated from the genomic RNA. Based on these observations they are thought
to be involved in virus replication. Mutational analysis of the RdRp has revealed that it
can influence virus movement, symptom expression and replication and act as a host
determinant. Between the MTase  and  helicase domains of the RdRp, eight aa were found
to act as symptom determinants and affect phloem-dependent accumulation of TMV (Holt
et al., 1990; Derrick et al., 1997). Substitution of aa 979 (Gln to Ile) in the RdRp of ToMV
rendered the mutant unable to replicate in tomato cells but permitted replication in tobacco
cells (Hamamoto et al., 1997).
    MP of TMV is essential for cell-to-cell transport.  (Deom et al., 1987; Meshi et al.,
1987). In TMV-infected plants and in transgenic plants that carry the MP gene, the
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movement protein was localized to the plasmodesmata (Tomenius et al., 1987; Atkins et
al., 1991; Moore et al., 1992). Certain independent functional domains of the MP are
involved in targeting the MP to the cortical bodies and plasmodesmata (aa 9-11), while the
aa 49-51 are involved in co-alignment of the MP with the microtubules and aa 88-101
target the MP to both the cortical bodies and the microtubules (Kahn et. al., 1998). In the
plasmodesmata, the MP is thought to alter the permeability, hence permitting the
movement of larger molecules between cells ( Deom et al., 1987; Meshi et al., 1987; Wolf
et al., 1989; Waigmann et al., 1994). Initially it was proposed that the MP of TMV
functions as a molecular chaperone for viral nucleic acids (Citovsky et al., 1990).  Single-
stranded binding proteins are reported to unfold irregular nucleic acid molecules into
regularly shaped protein-nucleic acid complexes (Chase and Williams, 1986). TMV MP
binds both RNA and ss DNA without sequence specificity. Binding of the MP to the viral
RNA probably allows the viral RNA to be shaped into a transferable form, since unbound
nucleic acid molecules usually exist as irregular structures (Citovsky and Zambryski,
1991). Ultrastructural analysis showed that the TMV MP binds to viral RNA to form
protein-RNA complexes that are thinner (2.0-2.5 nm diameter) and a more capable form
for transport through the plasmodesmata (Citovsky et al., 1992). Binding of  the TMV MP
to single-stranded nucleic acids in in vitro experiments, led to the theory that the MP
guides the TMV RNA towards  and through the plasmodesmata (Citovsky et al., 1992).
The TMV MP causes an increase in the plasmodesmatal SEL (Wolf et al., 1989). When
purified TMV MP was directly injected into tobacco plants, the increase in
plasmodesmatal SEL at a relatively fast pace was observed (Waigmann et al., 1994). This
resulted in an increased plasmodesmatal SEL to allow the passage of 10-20 kDa molecules
with a dilated channel diameter of 5-9 nm. These channels could potentially allow the
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passage of molecular complexes of the MP and nucleic acids with diameters of 2.0-2.5 nm
(Citovsky et al., 1992). The MP associates with the microtubules forming highly stable
complexes that are not disrupted by salts or other microtubule-disrupting complexes
(Boyko et al., 2000). Intramolecular complementing mutations of the TMV MP confirmed
a role for the microtubules for cell-to-cell transport of TMV RNA (Boyko et al., 2002).
    The coat protein of TMV is dispensable for cell-to-cell movement. (Takamatsu et
al., 1987; Dawson et al., 1988). Since the virus can move from cell-to-cell without the CP,
it is regarded that movement of RNA occurs naturally in a non-encapsidated form. The CP
of TMV has multiple biological roles. Mutants of TMV deficient in a capsid protein or
with a nonfunctional origin of assembly were capable of long distance movement at
delayed rates or not at all, indicating that the functional CP was required for long-distance
movement (Dawson et al., 1988; Saito et al., 1990). The CP of TMV infact plays multiple
biological roles. Besides long distance movement and encapsidation, the CP gene is also
responsible for symptom expression (Bao  et al., 1996), differential elicitation of
resistance genes (Taraporewala and Culver, 1996).
1.8. Objectives of this research
The objectives of this research are two-fold :
Part I: Genetic variability and pathogen-derived resistance
1. To determine the genetic heterogeneity of the capsid protein genes of CymMV and
ORSV from different geographical locations;
2. To produce  transgenic orchids  harbouring the capsid protein genes of CymMV and
ORSV;
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Part II: Co-infections and interactions between CymMV and ORSV
1.To study the possibility  of trans-complementation of the movement and capsid protein
genes between CymMV and ORSV;





    Escherichia coli strains JM109, DH5a and XL1-Blue were used in this study.
Agrobacteruim tumefaciens strain used was LBA 4404. Long term storage of bacteria was
carried out in LB-broth with 20% glycerol at -80°C. Working stocks were kept on LB-
agar plates at 4°C and restreaked on freshly prepared LB-agar plates when required.
2.2. Plasmids
    pUC 18 and pBluescript KS(+) (Stratagene, U. S. A.) and pBI121 (Clontech, U. S.
A.) were used as cloning vectors.
2.3. Media
    LB medium: 1% Bacto tryptone, 0.5% Bacto yeast extract, 1% NaCl,
pH 7.0.
    LB agar: LB medium with 1.5% Bacto agar, pH 7.0.
    MG/L medium:  500 ml LB, 10 g mannitol, 2.32 g sodium glutamate, 0.5 g potassium
di-hydrogen phosphate, 0.2 g sodium chloride, 0.2 g magnesium sulphate, 2 ìg biotin, pH
7.0.
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2.4. Synthesis of Oligonucleotides
     The sequences and usage of these oligonucleotides are described in the relevant
chapters. Oligonucleotides used in this study were synthesized by Research Biolabs Pte.
Ltd., Singapore
2.5. Preparation of DEPC-treated reagents
    Water was obtained from the Milli-RO Plus System (Millipore Singapore
Pte Ltd). All solutions used for RNA work were treated with diethyl-pyrocarbonate
(DEPC; Sambrook et al., 1989).
2.6. Preparation of Water-Saturated phenol
    To prepare water saturated phenol (pH 4.5) for RNA extraction, 500 g of phenol
was mixed with 500 ml of water. The mixture was stirred with a magnetic stirrer until the
aqueous phase equilibrated at pH 4.5. The phenol was then stored at room temperature.
2.7. Plant material
    Nicotiana benthamiana plants, a systemic host of both CymMV and ORSV, were
used in this study. The plants were grown in a growth chamber under 16 h day light at
25°C.
    Test plants were kept in the dark one day prior to inoculation. One leaf of each
plant was inoculated. Inoculation of plants with in vitro transcripts was performed by
dusting the leaf with carborundum (600 grit) and then inoculating the transcript on it. The
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inoculated plants were placed under dark for a day, followed by resumption of normal
growing conditions.
2.8. Virus purification
    The Singapore isolates of CymMV and ORSV were propagated in N.
benthamiana by mechanical inoculation of 4-6 week-old seedlings at the 8-leaf stage.
2.8.1. Purification of CymMV
    Virus particles were purified from N. benthamiana plants 4 weeks post-inoculation
using a method modified from Frowd and Tremaine (1977). Freshly harvested leaves (100
g) were homogenized in 500 ml ice-cold 0. 1M sodium phosphate (pH 7.5) supplemented
with 0.01 M EDTA and 0.1% â-Mercaptoethanol. Organic contents were clarified by
adding 100ml chloroform to the homogenized sap. After centrifugation at 10,000x g for
10 min, the virus was precipitated by the addition of NaCl and PEG (MW 8000) to the
supernatant at final concentrations of 0.25% and 4% respectively, and stirred for 1 hour at
4°C. After ultracentrifugation at 33,500x g for 2.5 h, the pellet was resuspended in 10 ml
of 0.01 M sodium borate buffer and subjected to differential gradient centrifugation at
8000x g for 10 min. The virus was removed from the suspension and pelleted by
ultracentrifugation at 34,000x g for 2.5 h. The viral pellet was resuspended at 4°C in 2 ml
0.01 M sodium borate buffer and virus concentration determined spectrophotometrically.
2.8.2. Purification of ORSV
    ORSV particles were purified using the method described by Paul et al., (1965)
with modifications. Virus-infected leaves (100 g) were blended in 200 ml of 0.005 M
EDTA (pH 7.5), with freshly prepared DIECA (0.17 g/100 ml) for 4 min. The ground leaf
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extract was clarified with 1:1 chloroform:butanol and centrifuged at 12,400x g for 20 min
to remove insoluble materials. The supernatant was filtered and centrifuged at 33,000x g
for 2.5 h at 4°C. The pellet was resuspended overnight at 4°C in 4 ml of 0.2 M sodium
borate buffer (pH 7.2). The suspension was centrifuged at 8000x g for 15min at 4°C and
the supernatant dialysed in deionized water for 9 h. The dialysed virus was resuspended to
a total volume of 5ml in 0.2 M sodium borate (pH 8.0). The concentration of the virus
suspension was determined spectrophotometrically.
2.9. RNA extraction
    Viral RNA was extracted from purified virus particles by the phenol/chloroform
method. To the purified virus, equal volume of water saturated phenol was added and
vortexed vigorously for 3 min. The mixture was centrifuged at 14,000x g for 3 min. The
upper aqueous layer was then re-extracted similarly with an equal volume of chloroform.
The purified RNA was precipitated by adding 1/10 volume of 3 M sodium acetate and 2.5
volumes of chilled 100% ethanol and incubated at -20°C overnight. The RNA was spun
down and the pellet washed in 70% RNase-free ethanol. The RNA was vacuum-dried and
resuspended in RNase free TE buffer pH 7.4.
2.10. PCR
    PCR was used to amplify and mutate target DNA sequences. The thermostable
Taq DNA polymerase was used in the cycling reactions. The reactions which were carried
out in 50 ml volumes comprising of:
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quantity/Volume        Final Concentration
DNA template                                              1-20 ng
Downstream primer                                     50 pmol                    1 mM
Upstream primer                                          50 pmol                    1 mM
25mM MgCl2                                              3 ml                           1.5 mM
10X Reaction Buffer                                   5 ml                           1X
dNTP mix (10mM of each dNTP)              1 ml                       0.2 mM each
Taq DNA polymerase (5U/ml)
Sterile water (to a final volume of 50 ml)    X ml
Thermal cycling was carried out for 25-cycles using the profile:
DNA denaturation at 94°C                          30 s
Primer annealing at 58-65°C                       30 s-1 min
Extension at 72°C                                        1-2 min
    This profile was adjusted depending on the expected DNA size, template and
primer used. The last cycle was given an additional 7 min extension time. For touch-down
PCR, (Lichtsteiner and Tjian, 1993) the manipulation was as follows: the primer annealing
temperature of 60°C in the initial cycle was decreased by 0.5°C in each subsequent cycle.
2.11. Isolation of plasmid DNA from E. coli
    Wizard PCR preps DNA purification system (Promega, U.S.A.) or QIAprepâ Spin
Miniprep Kit (QIAGEN, Germany) was used for small-scale isolation of plasmid DNA
(~10 mg). Plasmid Midi Kit (QIAGEN, Germany) was used for medium-scale isolation of
plasmid DNA (~100 mg).
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2.12. DNA purification
    Proteinaceous materials were removed from DNA preparations by organic
extraction. DNA solutions were mixed with an equal volume of TE-saturated phenol (pH
7.5-8.0) and vortexed vigorously. The mixture was centrifuged at 14,000x g for 3 min and
the upper aqueous DNA-containing layer was carefully transferred to a fresh tube. The
extraction was repeated twice. To remove the residual phenol, the extraction process was
repeated using an equal volume of chloroform. The purified DNA was precipitated by
adding 1/10 volume of 3 M NaOAc and 2.5 volumes of chilled absolute ethanol.
        For purification of DNA fragments after restriction digestion, digested DNA were
electrophoresed on 1% agarose gels stained with ethidium bromide. The desired bands
were excised and the DNA were recovered using the Gene Clean Kit (Bio 101, U.S.A.) or
QIAquick â Gel Extraction Kit (QIAGEN, Germany).
2.13. DNA ligation
    T4 DNA ligase (Promega, U.S.A) was used for ligation of DNA fragments into
vector DNA. The molar ratio of the insert to vector ratio ranged from 3:1 to 10:1.
Typically, 10 ml reactions were carried out at 16°C overnight.
2.14. Transformation of E. coli and A. tumefaciens
    Chemically competent E.coli cells were prepared in 100 mM CaCl2 and the
ligation mixture or plasmid DNA was transformed into the competent cells with 1 minute
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heat shock at 42°C. (Ausubel et al., 1993). The cells were plated onto LB agar plates with
100 mg/ml ampicillin (Sigma, U.S.A.). and incubated at 37°C overnight.
    To prepare electrocompetent cells, A. tumefaciens LBA 4404 were streaked onto
MG/L plates from previously prepared glycerol stocks. The cells were allowed to grow at
28°C for at least 24 h. Cells were  scraped off the plate using a sterile toothpick and
transferred to 15% sterile glycerol. The tubes were vortexed at maximum for 10 min and
spun down at 14,000x g for 2 min. The wash was repeated twice. The pellet was
resuspended in an equal volume of 15% glycerol. When required, the necessary volume of
cells were carefully pippetted into a fresh Eppendorf tube, and subjected to electroporation
with plasmid DNA.
2.15. PCR sreening of transformants
    To screen for desired transformants by PCR, colonies of isolated transformants
were picked and resuspended in 2 ml of LB broth containing the selective antibiotics.
After overnight incubation at 37°C on a rotary shaker, the plasmids were isolated from the
bacterial suspension. Primers allowing gene specific amplification by PCR was used to
confirm the presence of the desired insert. The positive transformants were further
confirmed by restriction analysis and DNA sequencing.
2.16. Automated DNA sequencing
2.16.1. Cycle sequencing
    Cycle sequencing, which combines PCR with dideoxy sequencing (Sanger et al.,
1977) was used to determine the nucleic acid sequence of cloned DNA. The Dye
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Terminator Cycle Sequencing Ready Reaction DNA Sequencing kit (Perkin ELmer,
U.S.A.) was used to carry out the fluorescence-based dideoxy sequencing reactions.
Typically, reactions were carried out in 10 ml volumes comprising ~500 ng of plasmid
DNA or ~90 ng of PCR product, 4 ml Big Dye and 1.6 pmol of primer. The PCR reactions
each with a total of 25 cycles were carried out with the following profile: DNA
denaturation at 96°C for 10 seconds, primer annealing at 50°C for 5 s and primer
extension at 60°C for 4 min. The PCR products were precipitated with 2.5 volumes of
cold 100% ethanol and 1/10 volume of 3M sodium acetate on ice for 10 min, and
centrifuged at 14,000x g, and washed with 70% cold ethanol and briefly vaccuum-dried.
2.16.2. Preparation of polyacrylamide gel for DNA sequencing
    An acrylamide solution was prepared as follows:
Urea                      18 g
Sterile water          26 ml
40% Acrylamide    5 ml
10X TBE                5ml
    After all the constituents were dissolved well by stirring, the solution was vacuum
filtered using a 0.2 mm dispo-filter unit and degassed for 5 min. 250 ml of freshly prepared
10% ammonium persulphate and 45 ml of TEMED were added to the solution and mixed
gently. The solution was then injected in between the pre-sealed glass plates and the gel
was allowed to set for two hours.
2.16.3. Loading of DNA samples and electrophoresis
    The products of cycle sequencing were dissolved in 6 ml of loading buffer
(deionized formamide and 25 mM EDTA pH 8.0 containing 50 mg/ml Blue dextran in a
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ratio of 5:1), denatured at 92°C for 2 min and chilled on ice before loading the sample on
the gel. Electrophores was carried out in and automated DNA sequencer (ABI PRISM
377, Perkin Elmer, U.S.A.) by loading 2 ml of the sample in 1X TBE for at least 16 h.
2.17. Point mutation by PCR
    In vitro mutagenesis of  cDNA was achieved using PCR using primers carrying the
desired mutations. Four primers were used to create each mutant from full-length cDNA
clones. Of these four primers, two were designed based on the sequence of the two ends of
the DNA and the other two based on the sequence in the middle of the DNA where the
mutation occurred. The first round of PCR was carried out in two separate tubes to
amplify two overlapping DNA fragments carrying the mutations. Products were purified
using the Concert Rapid PCR Purification System (Gibco BRL, U.S.A.) and resuspended
in TE buffer. In the second round of PCR, the two DNA fragments were included in the
same reaction and the two end primers were used.. First, the two overlapping DNA
fragments were extended by mutually primed synthesis to form a whole DNA fragment,
which was then used as a template for the following rounds of amplification. This PCR
method eliminates single strand DNA manipulation.
2.18. In vitro transcription
    The DNA templates were released from full-length cDNA clones by digestion with
the appropriate restriction enzymes. Digested DNA was purified (as described in 2.11)
prior to in vitro transcription using the mMESSAGE  mMACHINETM T7 In vitro
transcription kit (Ambion Inc., U.S.A) according to the manufacturer’s instructions.
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2.19. Generation of non-radioactive DIG-labelled cRNA probes
    CymMV cDNA clones pBlueCymMVCP and pGEMTGB123 and ORSV cDNA
clones pBlueORSVCP and pBlueORSVMP were linearized using the appropriate
restriction enzymes. The T7 RNA polymerase promoter on the pBluescript SK+
(Stratagene, U.S.A.) and pGEM-TEasy (Promega, U.S.A.) was used to synthesize cRNA
probes using the DIG RNA Labelling Kit (Roche Diagnostics,  Germany) according to the
manufacturer’s instructions.
2.20. Extraction of total RNA
    Extraction of total RNA was carried out as described by Verwoerd et al. (1989).
0.1-1g of leaves were homogenized to a fine powder in liquid nitrogen. The powder was
vortexed for 20 seconds in a 2 ml centrifuge tube in a mixture of 500 ml extraction buffer
(0.1 M LiCl, 100 mM Tris-HCl pH 8.0, 10 mM EDTA and 1% SDS) and equal volume of
water-saturated phenol (pH 4.0)  of phenol prewarmed to 80°C. After the addition of 500
ml of chloroform and vortexing for 20 s, the mixture was centrifuged at 10,000x g for 10
min at room temperature. The aqueous phase was collected and mixed well with an equal
volume of 4 M LiCl and incubated overnight at -20°C. The RNA was pelleted by
centrifugation at 10,000x g for 15 min at 4°C and mixed well with 300 ml of TE buffer
(pH 7.2), 30 ml of 3 M NaOAc and 660 ml of absolute ethanol and incubated for 45 min at
-20°C. The RNA was pelleted at 10,000x g and washed in DEPC-treated 70% ethanol and
vacuum dried. The pellet was dissolved in TE buffer (pH 7.4) and the RNA quantified by
uv-spectrometry.
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2.21. Northern Blot Hybridization
2.21.1. Electrophoresis of RNA
    RNA was analyzed by the denaturing formaldehyde gel electrophoresis (Lehrach
et al., 1977) method. A 1% gel was prepared by melting 0.36 g of agarose in 29.1 ml of
DEPC-treated water. Upon cooling to 60°C , 3 ml of 10X MOPS buffer (0.4 M MOPS,
0.1 M NaOAc, 0.01 M EDTA, pH 7.0) and 0.9 ml of 37% formaldehyde were added.
    The samples were prepared by incubating 2-20 mg of RNA with 3X volume of
loading dye at 65°C for 15 min. Electrophoresis was carried out at 50 v for 2 h in 1X
MOPS buffer.
2.21.2. Transfer, Probing and Detection of RNA
    After electrophoresis, the gel was rinsed in DEPC-treated water to remove
formaldehyde and soaked in 0.05 N NaOH for 20 min to partially hydrolyze RNA
followed by 20X SSC for 45 min. The RNA was transferred to a positively charged nylon
membrane (Roche Diagnostics, Germany) previously moistened with DEPC-treated water
and soaked in 20X SSC for 10 min. The transfer setup by capillary blotting (Sambrook et
al., 1989) was allowed to proceed overnight. The transferred RNA were crosslined to the
membrane using a UV cross-linker (UVC500, Hoefer, U.S.A at energy setting of 120
mjoules/cm2  according to the manufacturer’s instructions. RNA transferred to the
membrane was visualized by staining with 0.03% methylene blue in 0.03 M NaOAc.
Probing and detection were performed using the DIG system (The DIG System User’s
Guide for Filter Hybridisation, Roche Diagnostics, Germany).
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2.22. Extraction of total protein
    Total proteins were extracted from healthy and virus infected  N. benthamiana
leaves with modifications of the method described (Von Arnim et al., 1993). Leaf samples
were directly ground in cracking buffer [8 M urea, 5% SDS, 40 mM Tris-HCl  (pH 6.8),
0.1 mMA EDTA and 10 mM ß-mercaptoethanol] described in this procedure. After
heating at 95ºC for 5 min, the mixture was centrifuged for 10 min at 10,000x g. The
supernatant containing the proteins was removed and stored at -20ºC until further use.
2.23. SDS-PAGE and Western Blot Analysis
    Protein samples were separated on 12% SDS-polyacrylamide gels following the
Laemmli system (Laemmli, 1970). Gel preparation, running, staining and destaining were
performed according to Sambrook et al., 1989.
Western blots were prepared by electrophoretic transfer of proteins from the SDS-
polyacrylamide gel onto PVDF membrane (Roche Diagnostics GmbH, Germany) with a
Trans-Blot apparatus (Bio-Rad, U.S.A) with transfer buffer (10 mM Tris base, 96 mM
glycine and 10% methanol) and blocked overnight at 4°C in non-fat milk powder in TBST
buffer (10 mM Tris pH 8.0, 150 mM NaCl and 0.05 % Tween 20). The blocking solution
was washed off the membrane with three washes in TBST buffer for 10 min each. The
membrane was incubated in primary antibody diluted 1:10000x in TBS buffer (10 mM
Tris pH 8.0, 150 mM NaCl) for 1 h at room temperature with gentle shaking. Excess
antibodies were washed away with TBST buffer for 10 min three times. Alkaline
phosphatase labelled secondary antibody (Pierce Biotechnology, Inc., U. S. A.) was then
added (1: 5000x, diluted in TBS buffer) and the membrane incubated for 30 min.
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Unbound secondary antibodies were washed away with TBST buffer for 10 min three
times. The membrane was rinsed twice with  TBS buffer and visualized using alkaline
phospatase substrates NBT and BCIP (Roche Diagnostics GmbH, Germany) diluted in
alkaline phosphatase buffer (100 mM Tris pH 9.5, 100 mM NaCl, 5 mM MgCl2).
35
CHAPTER  3
GENETIC VARIABILITY IN THE COAT  PROTEIN GENES
3.1. Plant Materials
    Orchid samples were obtained from nurseries and green houses from Singapore,
Korea and Taiwan.
3.2. Bacterial strains
    Escherichia coli strain JM 109 was in this study. Long term storage of bacteria was
carried out in LB-broth with 20% glycerol at -80°C and restreaked on freshly prepared LB-
agar plates when required.
3.3. Transformation of E. coli
    Competent E. coli cells were prepared using the calcium chloride method
(Sambrook et al., 1989). The ligation mixture was transformed into competent cells with 90 s
heat shock at 42°C. The cells were allowed to recover in LB medium for 45 min at 37°C.
The cells were then plated onto LB agar plates with 100 mg/ml ampicillin (Sigma, U.S.A).
3.4. Plasmids
    pBluescript SK+ vector (Stratagene, U.S.A.) was used to clone the PCR products.
The Bam HI site in this vector was chosen for cloning.
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3.5. Synthesis of oligonucleotides
    Oligonucleotides used in this study were synthesized by  Research Biolabs Pte. Ltd.,
Singapore. The sequences and usage of the oligonucleotides are described in section 3.8.
3.6. Virus detection
    Virus infection was detected in the plant materials by enzyme-linked
immunosorbent assay (ELISA), and virus infection was confirmed by transmission electron
microscopy (TEM).
3.6.1. ELISA
    For enzyme-linked immunosorbernt assay (ELISA), 50 µl of sample homogenized
in coating buffer (1.59 g sodium carbonate, 2.93 g sodium bicarbonate and 0.2 g sodium
nitrite, pH 9.6 in 1l deionized water) was loaded into the well of the microtiter plate (sample
: buffer ratio 1:2500). The plate incubated at 37ºC for 1 h. The plate was then washed three
times at three minute intervals with 100 µl PBST washing buffer (8 gm sodium chloride,
0.2 gm potassium di-hydrogen phosphate, 2.9 gm di-sodium hydrogen phosphate, 0.2 gm
potassium chloride, 0.2 gm sodium nitrite, 0.5 ml Tween 20, pH 7.4,  in 1l deionized water).
Fifty µl of primary antibody raised in rabbit (1:1000) was added to each well and the
microtiter plate incubated at 37ºC for 30 min. The plate was washed with washing buffer
three times at three minute intervals. Fifty µl of goat-antirabbit antibody conjugate (1:1000),
diluted in enzyme conjugate buffer (978 ml PBST, 20 g PVP-40, 2 g BSA, pH 7.4, in 1l
deionized water) was added and the microtitre plate incubated at 37ºC for 30 min. The
microtitre plate was washed with 100 µl PBST buffer five times at three min intervals. The
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substrate (100 µl of 1 % p-nitrophenyl phosphate) was then added and the colour reaction
allowed to develop at 37ºC.
3.6.2. Small scale virus purification and TEM
            For the TEM, a small-scale virus preparation was carried out according to the
standard clarified viral concentrates (CVC) method (Christie et. al., 1987). One gram of
virus-infected tissue was macerated in 2 ml 0.1 M potassium buffer pH 7.5. The extract was
mixed with an equal volume of n-butanol:chloroform (1:1) and then centrifuged for 5 min at
12000 g. Virus particles from the aqueous phase were precipitated with 0.125 M NaCl and
6% PEG (MW 6000-8000), on ice for 15 min. The clarified viral concentrate (CVC) was
obtained by resuspending the pellet in 0.1 M potassium phosphate buffer pH 7.5.
To check for virus particles under TEM, 1ìl CVC was applied to carbon and formvar-coated
copper EM grids and incubated at room temperature for 5 min. The grids were negatively
stained with 2% uranyl acetate for 1 minute and examined under a Philips CM10 TEM (FEI
Company Electron Optics, Netherlands).
3.7. Preparation of template for RT-PCR
            Template for RT-PCR was prepared following a previously used method. (Lim et
al., 1993). One mm2  piece of sample was ground in 1ml of sterile water and diluted to 10ml.
The suspension was then centrifuged at 12000x g for 1 min. Ten ml of the supernatant was
used as template for each RT-PCR.
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3.8. RT-PCR
            The Titan TM One Tube RT-PCR System (Boehringer-Mannheim GmbH,
Germany) was used to amplify DNA sequences. Each reaction was typically carried out in a
total volume of 50ml comprising of:
5X RT-PCR buffer                                                  10 ml
dNTP mix (  mM of each dNTP)                            1 ml
upstream primer  (50pmol)                                     1 ml
downstream primer  (50pmol)                                1 ml
template                                                                  10 ml
DTT solution                                                          2.5 ml
RNase inhibitor                                                       1 ml
Sterile water                                                           22.5 ml
Enzyme mix                                                            1 ml
Total volume                                                          50 ml
           The coat protein gene of CymMV  was amplified using the primer pair
5’CGGGATCCTAGCTATAGGCCCCTGGC3’ corresponding to nucleotides 5429-5446(+)
and 5’CGGGATCCCTTTAGAAAACCACACGC corresponding to nucleotides 6169-
6186(-). Amplification of the ORSV coat protein gene was carried out using the primer
5’CGGGATCCGGTCGGTAATGGTGTTAG3’ (+) corresponding to nucleotides 5643-
5560(+) and the primer 5’CGGGATCCTGCATTATCGTATGCTCC3’ corresponding to
nucleotides 6240-6257(-). A BamHI restriction site (underlined) was introduced at the 5’
ends of all the primers. For the RT-PCR reactions, the RNA was reverse transcribed at 48°C
for 45 min, followed by inactivation of the AMV-RT at 94°C. The PCR for the CymMV CP
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were denaturation at 94°C for 30 s, touchdown from 65°C-60°C for 10 cycles and further
annealing for 20 cycles, followed by extension at 72°C; and final extension at 72°C. To
amplify the CP gene of ORSV, the PCR cycles were denaturation at 94°C for 30 s, followed
by touchdown annealing for 10 cycles of 53°C-48°C and further annealing for 20 cycles,
followed by extension at 72°C for 1 min and a final extension at 72°C for 2 min.
3.9. PCR purification and ligation
           The PCR fragments were restricted with BamHI and electrophoresed on a 1%
agarose gel. The DNA was purified using the BIO 101 Gene Clean Kit and cloned into the
BamHI site of  the   pBluescript SK+ vector (Stratagene, U.S.A). The ligation mix was
transformed into Escherichia coli strain  JM109.  For some samples, the RT-PCR product
was purified by using the Concert Rapid PCR Purification System (Gibco BRL, U.S.A) and
sequenced directly. For each sample, both forward and reverse strands were sequenced.
3.10. Automated DNA sequencing
           The PCR reactions for sequencing, preparation of the polyacrylamide gel for DNA
sequencing, loading of DNA samples and electophoresis were carried out as described in
section 2.16.
3.11. Phylogenetic Analyses
           Sequence data were read using CHROMAS version 1.45
(http:/www.technelysium.com.au/chromas.html). Overlapping of sequences from both ends
of the sequence were confirmed using the Bioedit Sequence Alignment Editor. Nucleotide
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sequences were translated using the TRANSLATE program in the Expasy server
(http://www.expasy.ch). Nucleotide and aa sequences were aligned and compared using the
CLUSTAL X (Thompson et al., 1997) program in the Expasy server. Topology of the trees
was inferred using CLUSTAL X program (Thompson et al., 1997). Data sets were
bootstrapped (1000 replicates) to assess the confidence values of the trees. The phylogenetic
trees were displayed using Tree View (Page RDM, 1996). The percentage homology was
deduced by an Identity Matrix generated by Bioedit.
3.12. Results and Discussion
            In these experiments, a simple procedure for amplifying the CP gene of CymMV
and ORSV avoiding the cumbersome steps involved in isolation of RNA for RT-PCR was
used. Here, high temperatures of the PCR disrupt the viral CP encapsidating the RNA,
facilitating the RT-PCR. The method is quick and is especially suited for a study of this
nature where large number of samples have to be processed.
The RT-PCR of the CymMV CP produced a single DNA fragment of 757 b.p. on an
agarose gel (Fig. 3.1.A). The RT-PCR of the ORSV CP produced a DNA fragment of 614
b.p. (Fig. 3.1.B). In this study, orchid samples of different genera infected with CymMV and
ORSV (Tables 3.1 and 3.2) were analyzed. All CymMV isolates from Korea and Singapore
possessed a CP comprised of 223 aa (Fig. 3.2). In contrast, three previously published
sequences (CyK3, SI and KI) possessed a CP comprised of only 220 aa. These three
sequences were not identical. Their C-terminals showed variation and deletion (Fig. 3.2).
The two CymMV isolates from Korea showed 90% homology at the nt level, and 98.2%




M     1     2     3    4  M    1     2     3     4
Fig. 3.1(B). Agarose gel
electrophoresis of RT-PCR
products to amplify the CP gene of
ORSV
Fig. 3.1(A). Agarose gel
electrophoresis of RT-PCR
products to amplify the CP gene
of CymMV
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Table 3.1. CymMV isolates referred to in this study (CyS1 to CyK2) and described from
other sources (CyS16 to CyMV-OncT)








































































































Not listed, ref. 21
Not listed, ref. 21
Not listed, ref. 21
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Table 3.2. ORSV isolates referred to in this study (OrS1 to OrT3) and described from other
sources (OrK9 to JI)





























Cymbidium goeringii (isolate 1)
Cymbidium goeringii (isolate 2)
Cymbidium ensifolium (isolate 1)




















































was exhibited at the nt level, and 93.2%-100% homology was observed at the aa level. This
meant that the isolates were very similar, and no particular pattern of variability was seen. Of
the isolates studied, co-variation was found in isolates CyS6, CyS13, CyS8, CyS11 and
CyK2 at aa positions 20, 27 and 87. Co-variation was also observed in isolates CyK1, CyS14
and CyS15 and at position 87 in isolates CyS5 and CyS10. However, it was not possible to
separate the isolates studied into definitive groups based on these co-variations due to the
presence of additional random variations in the aa sequence throughout the CP gene of
CymMV.  These results are in contrast with the findings in AMV (Parella et al., 2000) and
CarMV (Canizares et al., 2001) where classification of virus isolates into distinct subgroups
was possible due to definite co-variations at specific aa in the CP genes. The differences in
aa at twelve positions in the CP gene of PSBMV isolates from Pakistan was the basis for this
virus to be placed into three different subgroups (Ali et al., 2001), in contrast to our findings
in CymMV.
A phylogenetic tree (Fig.3.4) was constructed using the nt sequences of samples
from this study and previously published sequences (isolates CyS16 - SS, Table 3.1). The
isolates did not cluster according to hosts or geographic origin. High homology was observed
at both the nt and aa levels in the CP gene sequences of CymMV isolates from different
geographic areas. The Singapore isolates showed a homology of 88.3%-98.9% when
compared with previously published aa sequences of CymMV infecting orchids in Thailand
(Srifah et al., 1996). In a comparitive study of CP sequences of eight potexviruses infecting
different host ranges, an overall similarity in aa compsition was observed, and the variation
could not lead to classification of the viruses (Short et al., 1987). In contrast, geographically
distinct isolates of RYMV showed differences in pathogenicity that could be associated with
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changes of aa in CP gene (Pinel, 2000). In CymMV, an overall similarity in aa composition
of the CP gene was also observed, but no variation of specific aa was detected.
All the CP sequences of ORSV possessed a length of 158 aa, similar to that of
previously published sequences (isolates OrK9 to JI, Table 3.2). There was no aa change at
positions 18-40 (Fig. 3.3). The N-terminal sequence of the CP was more conserved than the
C-terminal. There were no distinct regions of variability in any of the sequences. Sequence
identity matrices showed 97.4%-99.3% homology between the Singapore isolates at the nt
level and 96.2%-99.3% at the aa level. At the nt level, the Korean isolates showed 96.6%-
99.7% homology. At the aa level, homology varied between 96.2%-100%, and the sequences
OrK2, OrK3, OrK5, OrK6 and OrK8 were identical. Two isolates each from Cymbidium
goeringii (OrK4 and OrK5) and Cymbidium ensifolium (OrK6 and OrK7) and one from
Cymbidium kanran (OrK2) and Cymbidium ‘Grace Kelly’ (OrK8) were sequenced. The
results indicated that ORSV isolates contained aa differences within hosts at the intraspecific
level as OrK5 and OrK6 were identical, but OrK4 was not identical to OrK5, and OrK6 was
also not identical to OrK7. This may be attributed to biological selection of variants for
fitness.
    The isolates from Taiwan (OrT1, OrT2 and OrT3) showed 99.5%-99.7% homology
at the nt level and 98.7%-99.3% homology at the aa level. OrT2 shared 100% homology with
the Korean isolates OrK2, OrK3, OrK5, OrK6 and OrK8 and with the Singapore isolate
OrS2. OrT1 and OrT3 showed 95.5%-99.3% homology at the aa level, when compared with
all the sequences. Of the three isolates from Taiwan, OrT2 hence showed least variability
when compared with all isolates. A nt sequence identity matrix of all sequences was
generated (data not shown). At the nt level, OrK6, OrK8 and OrT2 were identical, and OrK3
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was identical to OrS2. The percentage nt and aa sequence homology among all the isolates
varied from 95.5%-100% and 93%-100%, respectively. These results indicated low genetic
variability in the CP gene sequences of ORSV infecting orchids from different geographical
areas. The isolates did not cluster according to hosts or geographic origin. Tobamoviruses
have been shown to be genetically stable (Rodriguez-Cerezo, et al., 1989; Fraile, et al., 1996;
Fraile, et al., 1997). The  results of this study of the CP gene of ORSV are in conjunction
with these earlier published reports.
    All isolates of CymMV and ORSV in this study showed slight variability at the C-
terminals of the CP. All CymMV isolates possessed a CP of 223 aa, irrespective of their
geographic origins. This contrasts with three previously published sequences from Singapore
(SI) and Korea (KI and CyK3) which possess a CP of only 220 aa. These three sequences
produced markedly different aa at the C-terminal of the CP. The significance of this
phenomenon has yet to be elucidated. All the ORSV sequences studied were similar to the
previously published sequences with a CP of 158 aa. Coat protein-mediated resistance has
been a widely used pathogen-derived resistance strategy (Beachy et al., 1990; Hackland et
al., 1994; Kunik et al., 1994; Mc Grath et al., 1997) and its success in producing a broad
ranging virus resistant orchid would depend on the sequence similarity between the
transgene and the virus infecting the plants (Lomonosoff et al., 1995). The high CP sequence
homology among the isolates of CymMV and ORSV studied indicates that it is feasible to
produce transgenic orchids capable of virus resistance, regardless of their geographical
origins. Our results indicate that for CymMV and ORSV, the regions encoding aa 107-121
(Fig. 3.2) and aa 18-40 (Fig. 3.3) respectively, can be considered for incorporation to
produce transgenic resistance, as both regions do not exhibit variability among all isolates
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compared. In the next chapter, we work towards this goal, attempting to produce virus
resistant transgenic orchids harbouring the CP genes of CymMV and ORSV.
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CON      MGEPTPTPAATYSAADPTSAPKLADLAAIKYSPVTSSIATPEEIKAITQLWVNNLGLPAD 60
CyS16    ......A..................................................... 60
CyS7     ............................................................ 60
CyS12    .......LV................................................... 60
KT2      ...S........................L............................... 60
CyS6     ...................S......T..........................T...... 60
CyS13    ...................S......T...............................T. 60
CyS8     ...................S......T................................. 60
CyS11    ...................S......T................................. 60
CyK2     ...................S......T................................. 60
CyK1     ..........................T................................. 60
CyS14    ..........................T................................. 60
CyS15    ..........................T................................. 60
CyS4     ............................................................ 60
CyS5     ........................................................F... 60
CyS10    ............................................................ 60
CyS3     ............................................................ 60
CyS1     ............................................................ 60
SS       ............................................................ 60
CyS2     .....................S...................................... 60
CyS9     ......S..V..........S....................................... 60
SI       .................................I.......................... 60
KI       ................T...R............I..T....D..............ST.. 60




         *** **:   * **** **:: ****:* ****:** * ** *********** **:  *
CON      TVGTAAIDLARAYADVGASKSATLLGFCPTKPDVRRAALAAQIFVANVTPRQFCAYYAKV 120
CyS16    ....................N....................................... 120
CyS7     ..............................Q............................. 120
CyS12    ............................................................ 120
KT2      ...................................C........................ 120
CyS6     ..........................V................................. 120
CyS13    ...I......................V................................. 120
CyS8     ..........................V................................. 120
CyS11    ..........................V................................. 120
CyK2     ..........................V................................. 120
CyK1     ............................................................ 120
CyS14    ............................................................ 120
CyS15    ............................................................ 120
CyS4     ............................................................ 120
CyS5     ..........................V................................. 120
CyS10    ..........................V................................. 120
CyS3     ............................................................ 120
CyS1     ............................................................ 120
SS       ............................................................ 120
CyS2     ............................................................ 120
CyS9     .........................................H...V.............. 120
SI       ............................................................ 120
KI       ...................................S....S................... 120





         ** :* *********** ** *****:*** ****:*:** :*** **************
CON      VWNLMLATNDPPANWAKAGFQEDTRFAAFDFFDAVDSTAALEPAEWQRRPTDRERAAHS- 179
CyS16    ............................................................ 179
CyS7     ............................................................ 179
CyS12    .....................K....G................................. 179
KT2      ............................................................ 179
CyS6     ............................................................ 179
CyS13    ............................................................ 179
CyS8     ............................................................ 179
CyS11    ............................................................ 179
CyK2     ........................................................G... 179
CyK1     ............................................................ 179
CyS14    ............................................................ 179
CyS15    ............................................................ 179
CyS4     ......................................................T..... 179
CyS5     ............................................................ 179
CyS10    ............................................................ 179
CyS3     ............................................................ 179
CyS1     ................................................P........... 179
SS       .............................................CNG............ 179
CyS2     .............................................LH.P.....S..... 179
CyS9     ...................................H..........H.......L..... 179
SI       ......................................G......CSAA.LTATC.LDRE 180
KI       ...............................L......G.V....CSAATLTATC.LDRE 180




         * * * ****** ******** **** ***  * * **:   * *:::::::::: ::::
CON      IGKYGALARQRIQNGNLITNIAEVTKGHLG-STNTLYALPAPPTE- 223
CyS16    .............................................. 223
CyS7     .............................................. 223
CyS12    .............................................. 223
KT2      .............................................. 223
CyS6     .............................................. 223
CyS13    .............................................. 223
CyS8     .............................................. 223
CyS11    .............................................. 223
CyK2     ...............................F.......A...... 223
CyK1     ...............................F.............. 223
CyS14    .............................................. 223
CyS15    .............................................. 223
CyS4     ...................S.......................... 223
CyS5     .........................L...P.............S.. 223
CyS10    .............................................. 223
CyS3     .............................P........V....... 223
CyS1     ................V..........................S.. 223
SS       .............................................. 223
CyS2     .............................................. 223
CyS9     ...............Y..L........................... 223
SI       VRRPCPS.YPER.------PHHQHCR..Q.P.WLHQHS.RSAC.PY 220
KI       VRRPCPS.YPER.------PHHQHCR..QEP.WLQQHS.RSAW.RY 220





         :::::::*::::*:::::::::::::**:::::::::: :::::::
Fig. 3.2. Alignment of aa sequences of CymMV CP isolated from various genera of orchids.
CON indicates a consensus sequence found in majority of sequences. Asterisks indicate
identity in all the sequences Blanks indicate an aa difference found in only one isolate..
Colons indicate aa differences in two or more isolates. Dashes indicate absence of aa. Italics
indicate the major common region. The isolate sequences were named using the initials of
the virus and country of origin; the number following the initials indicates different isolates
from each country (Table 3.1).
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CON   MSYTITDPSKLAYLSSAWADPNSLINLCTNSLGNQFQTQQARTTVQQQFADVWQPVPTLT 60
OrK9  ............................................................ 60
OCy   ............................................................ 60
OrS2  ............................................................ 60
OrT2  ............................................................ 60
OrK8  ............................................................ 60
OrK6  ............................................................ 60
OrK5  ............................................................ 60
OrK3  ............................................................ 60
OrK2  ............................................................ 60
OrR6  ............................................................ 60
S1    ............................................................ 60
TMV-O ............................................................ 60
OrS3  ............................................................ 60
JI    ............................................................ 60
OrK7  ........................................D.................V. 60
OrK4  ............................................................ 60
OrS1  ............................................................ 60
OrK1  ............................................................ 60
OrT1  ............................................................ 60
OrT3  ................T........................................... 60
      **************** *********************** ***************** *
CON   SRFPAGAGYFRVYRYDPILDPLITFLMGTFDTRNRIIEVENPQNPTTTETLDATRRVDDA 120
OrK9  ........H......EL..E...................R.................... 120
OCy   ........H......E...E...................R.................... 120
OrS2  ............................................................ 120
OrT2  ............................................................ 120
OrK8  ............................................................ 120
OrK6  ............................................................ 120
OrK5  ............................................................ 120
OrK3  ............................................................ 120
OrK2  ............................................................ 120
OrR6  ............................................................ 120
S1    ............................................................ 120
TMV-O ............................................................ 120
OrS3  .................K.......................................... 120
JI    ............................................................ 120
OrK7  ............................................................ 120
OrK4  ...........................A................................ 120
OrS1  ............................................................ 120
OrK1  .....................................G...............P...... 120
OrT1  ............................................................ 120
OrT3  ............................................................ 120
      ********:******:  *:******* ********* *:************* ******
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CON   TVAIRSAINNLLNELVRGTGMYNQVSFETMSGLTWTSS 158
OrK9  ..................N................... 158
OCy   ..................N................... 158
OrS2  ...................................... 158
OrT2  ...................................... 158
OrK8  ...................................... 158
OrK6  ...................................... 158
OrK5  ...................................... 158
OrK3  ...................................... 158
OrK2  ...................................... 158
OrR6  ...................................... 158
S1    ...................................... 158
TMV-O ...................................... 158
OrS3  ...................................... 158
JI    .............................I........ 158
OrK7  ...................................... 158
OrK4  ..................................C... 158
OrS1  ...................D..I.AL........S... 158
OrK1  P..LG.............P................... 158
OrT1  ....................V................. 158
OrT3  ...................................... 158
       **  *************:  * *  *** ****:***
Fig. 3.3. Alignment of aa sequences of ORSV CP isolated from various genera of orchids.
CON indicates a consensus sequence found in majority of sequences. Asterisks indicate
identity in all the sequences. Blanks indicate an aa difference found in only one isolate.
Colons indicate aa differences in two or more isolates. Italics indicate the major common
region. The isolate sequences were named using the initials of the virus and country of


















































Fig. 3.4. Phylogenetic tree showing the relationship of the CP gene of CymMV at the nt. sequence 
level. Numbers adjacent to the nodes indicate bootstrap scores out of 1000 replicates. Bar represents 










































Fig. 3.5. Phylogenetic tree showing the relationship of the CP gene of ORSV at the
nt. sequence level. Numbers adjacent to the nodes indicate bootstrap scores out of
1000 replicates. Bar represents a genetic distance of 0.01
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CHAPTER 4
REGENERATION OF TRANSGENIC ORCHIDS
There are previous reports of genetic transformation of orchids with various genes
of interest. Most of these used the particle bombardment method to introduce the desired
gene into the orchid tissues (Kuehnle and Sugii, 1992; Yang et al., 1999). Agrobacterium-
mediated transformation has been the method of choice to transform dicotyledonous
plants, and has gradually been successful in some economically important
monocotyledonous species  such as in wheat (Cheng et al., 1997) and rice (Raineri et al.,
1990). There have been few reports on the transformation of orchids by Agrobacterium-
mediated transformations. In chapter 3, we reported that the coat protein genes of CymMV
and ORSV isolated from different geographic regions showed low genetic variability.
Therefore, successful introduction of the CP genes of CymMV and ORSV into orchids,
would provide a broad-ranging resistance to CymMV and ORSV isolates from diverse
geographical locations. In this chapter our attempts to introduce the capsid protein genes
of CymMV and ORSV into orchid tissues using the Agrobacterium-mediated
transformation method are reported.
4.1. Plant Materials
The orchid Dendrobium Sonia, which has been clonally propagated in vitro in the
Plant Tissue Culture Laboratory (Department of Biological Sciences, National University
of Singapore) was the plant material used in this study. Protocorms, protocorm-like bodies
(PLBs), thin section explants and young shoots were maintained in modified liquid KC
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medium (Knudson, 1946) supplemented with 5 mM benzyladenine (BA), and cultured in
vitro on rotary shakers at 120 rpm at 24°C under a 16 h photoperiod of 35mmolxm-2xSec-
1 from daylight fluorescent lamps.
Thin section explants (1 mm thick) were prepared from 0.5 cm-long protocorms
cultured on solid modified KC medium. After 3-4 weeks of culture, 0.5 cm-long PLBs
derived form the thin-section explants were subcultured in liquid medium. Thin section
explants were prepared from the PLBs and cultured for 3 days prior to transformation on
modified solid KC medium.
4.2. Bacterial Strains and plasmids
The Agrobacterium strain LBA 4404 was used to introduce the capsid protein
genes of CymMV and ORSV into Dendrobium Sonia. The genes of interest were cloned
into the vector pBI121 (Clontech, U. S. A.).
4.3. Cloning of genes of interest into pBI121 vector
4.3.1. Coat protein gene of CymMV
The CymMV coat protein is encoded by an ORF of size 671 bp (nt. 5481 to 6152).
Two primers were designed to amplify the coat protein gene. The 5’ ends of the primers
were flanked by an Xba I site (+ primer) or Sma I site (+ primer) or Sma I site (- primer).
PCR was setup as described in Section 2.10. The cycles for the amplification of the CP
gene of CymMV were : initial denaturation at 96°C, followed by denaturation at 96°C for
15 s, 12 cycles of touchdown 58°C-52°C and annealing 13 cycles at 52°C for 30 s and
extension at 72°C for 80 s; followed by final extension at 72°C for 2 min. The PCR
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product was analyzed on a 1% agarose gel and purified using the Gene Clean Kit (Bio
101, U. S. A.). The pBI121 vector was digested with SmaI followed by Xba I and purified
by the phenol-chloroform extraction method. The purified products of PCR and digested
vector were quantified by uv-spectrometry. Ligation was carried out overnight at 16°C
with a molar ratio of vector : insert = 1: 3. The identity of the recombinant plasmid (Fig.
4.1.) was verified by restriction enzyme digestion and by automated sequencing.
4.3.2.Coat protein gene of ORSV
The ORSV coat protein is encoded by an ORF of 476 bp (nt. 5721 to nt. 6197).
Two primers were designed to amplify the CP gene. The 5’ ends of these primers were
flanked by an Xba I (+) primer or Sma I (-) site. Using these primers, PCR was set up as
described in section 2.10. The  PCR  cycles for the amplification of the CP gene were:
initial denaturation at 96°C for 1 min, followed by denaturation at 96°C for 15 s, touch
down annealing from 58°C-52°C for 12 cycles and annealing 13 cycles at 52°C for 30 s,
extension at 72°C for 80 s. followed by final extension at 72°C for 2 min. Purification of
the PCR product, quantification, cloning into Xba I- Sma I digested pBI 121 plasmid and
verification of the recombinant plasmid (Fig. 4.2) were carried out as described in Section
3.3.1.
4.4. Preparation of electrocompetent Agrobacterium LBA 4404
Agrobacterium tumefaciens LBA 4404 electrocompetent cells were prepared as
















Fig. 4.1. Schematic representation of CymMV coat protein gene (CCP) cloned in pBI121.
Fig. 4.2. Schematic representation of ORSV coat protein gene (OCP) cloned in pBI121.
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Table 4.1. Primers designed for the amplification and cloning of the CymMV and ORSV
coat protein    genes:
CymMV 5481-5500 Xba1 (+):
5’ GCTCTAGAATGGGAGAGCCCACTCCAGC 3’
CymMV 6152-6132 Sma 1 (-):
5’ TCCCCCGGGTTATTCAGGTAGGGGGTGCAGG 3’
ORSV 5721-5742 Xba 1 (+):
5’ GCTCTAGAATGTCTTACACTATTACAGACC 3’





4.5. Electroporation of Agrobacterium LBA 4404
The recombinant binary vector was introduced into Agrobacterium LBA 4404 by
electroporation. For the electroporation, electrocompetent Agrobacterium were cells were
thawed on ice for 20 min, and 40 ml were gently aliquoted into a pre-chilled disposable 0.2
cm Gap Cuvette P/N 620 (BTX Inc., San Diego, U. S. A.). To these cells, 1 ml of
recombinant vector were added, and the cuvette tapped lightly to disperse the vector well
among the bacterial cells. The cuvette was incubated on ice for 10 min. Electroporation
was carried out at 2.5 kV, 129 W and 1.44 kV in a BTX ELECTRO CELL
MANIPULATORâ 600 (BTX Inc., San Diego, U. S. A.). After incubating the cuvette for
10 min on ice, the cells were diluted with 400 ml of LB medium and incubated at 28°C for
1 h. The electroporated cells were then plated onto LB agar plates supplemented with 125
mg/ml streptomycin and 50 mg/ml kanamycin for selection of transformant colonies. The
plates were incubated at 28°C for 48  h to obtain colonies.
4.6. Agrobacterium cell suspension
A few colonies of Agrobacterium (4-6) harbouring the recombinant plasmid were
inoculated into 2 ml of LB medium containing 125 mg/l streptomycin and 50 mg/l
kanamycin. The 2 ml culture was incubated for 16 h at 28°C with continuous shaking at
240 rpm. The O.D. was read at 660 nm and the concentration of the cells adjusted to 1x106




Thin section explants cultured for 3 days on modified solid KC medium were
immersed in of A. tumefaciens cell suspension for 30 min and blotted on sterile filter
paper. Explants were cultured on modified solid KC medium without antibiotics and co-
cultivated with the bacteria for 3 days under 16 h (light)/ 8 h (dark) photoperiod. Explants
were then cultured on modified solid KC medium containing 50 mg/l carbenicillin and co-
cultured for 3-4 weeks. Proliferated calli were rinsed in modified liquid KC medium
containin 200 mg/l each kanamycin and carbenicillin. Washed explants were cultured on
solid KC medium containing 200 mg/l each kanamycin and carbenicillin.
4.8. Results and Discussion
In this chapter, we have attempted to produce transgenic Dendrobium Sonia
harbouring the CP genes of CymMV and ORSV. We followed a previously published
protocol (Yu et al., 2001) with modifications. Thin section explants of the cultivar
Dendrobium Sonia were first subcultured in modified KC liquid medium. After 3-4 weeks
in culture, the  explants failed to give rise to new protocorm-like bodies (PLB). Explants
became brown and died due to excessive exudation of phenolic compounds. Portions that
remained green were carefully salvaged and cultured onto modified solid KC medium
without BA. Solid medium was prepared merely by adding agar (8 g/l) to modified liquid
KC medium. With subculturing every two weeks, the thin section explants gave  rise to
PLBs which eventually developed into protocorms. The protocorms that were about 0.5
cm2  were harvested and thin section explants prepared from them for transformation. In
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this initial stage of preparation of the explants, liquid medium was found unsuitable in
Dendrobium Sonia. Contrarily, in Dendrobium Madame Thong-In,
liquid medium was suitable for the mass production of PLBs and subsequent protocorm
formation (Yu et al., 2001).  The regeneration rate of thin sections was satisfactory on
modified solid KC medium. For the transformation experiment, we followed previously
published protocol (Yu et al, 2001). The co-cultivation of Agrobacterium was done in two
stages: the first stage consisted of a 3-day cocultivation on medium devoid of antibiotics,
followed by a second stage of co-cultivation on medium containing carbenicillin for 3-4
weeks. Agrobacterium contamination was heavy in the area around the explants after the
first cocultivation stage. However, cultured explants were healthy and showed signs of
regeneration. Due to excessive Agrobacterium contamination in the  area around the
explants, subculturing on fresh carbenicillin containing medium became necessary two
weeks into the the second co-cultivation stage. After washing with sterile water
(containing 200 mg/l each kanamycin and carbenicillin), the explants were cultured on
selection medium containing antibiotics. After this wash, a large number of the explants
turned brown and necrotic. It was evident that the concentration of the antibiotics used
was not suitable for Dendrobium Sonia, whereas in Dendrobium Madame Thong-In it was
used with success (Yu et al., 2001). Upon culturing on selection medium, a large number
of the explants turned brown due to severe necrosis caused by the Agrobacterium
contamination. Yet, at this stage,  23 of 77 explants initially cocultivated with
Agrobacterium suspension harbouring the CymMV CP gene and 31  of 126 explants
harbouring the ORSV CP gene looked promising. These explants remained green, with the
initial appearance of proliferation on the selection medium. Agrobacterium contamination
around the medium was very high. To overcome the Agrobacterium contamination, the
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calli were transferred to fresh selection medium once every week, four times. However,
the transfer was not remedial, and eventually all the explants became severely necrotic due
to the Agrobacterium contamination and died.
In this chapter, we describe our efforts to generate transgenic Dendrobium Sonia
orchids carrying the CymMV and ORSV CP genes. This work was undertaken since our
results in Chapter 3 revealed that the CP genes of both CymMV and ORSV are suitable
candidates genes for transgenic plants. For this work we followed the previously
published protocol used for Dendrobium Madame Thong-In. However, it soon appeared
that the liquid medium being used to produce PLBs from thin section explants in
Dendrobium Madame Thong-In was highly unsuitable for Dendrobium Sonia.  This
problem was overcome by using solid medium, which gave rise to healthy PLBs produced
from the thin section explants. At the end of the three-day first co-cultivation stage,
excessive growth of Agrobacterium around the cultures was noticed. It is suggested that
this contamination must be significantly reduced either by transferring the explants to
fresh medium daily or by the addition of minimal antibiotics to the first stage co-culture
medium medium. Before the second co-cultivation stage it may be appropriate to briefly
rinse the explants in sterile distilled water without antibiotics to remove excess
Agrobacteria on the explants. During the second co-cultivation stage, we cultured the
explants on fresh medium due to excessive bacterial growth. It is recommended here, that
the second co-cultivation stage include weekly if not several subcultures of the explants
on fresh medium containing antibiotics. It may be possible to extend the co-cultivation
period without the bacterial growth overtaking the explant tissues. A suitably extended
period of co-cultivation may result in higher transformation efficiency. Thus, it is
necessary that for Dendrobium Sonia , minimal necrosis of the explant must be achieved
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alongside maximal co-cultivation to improve the probability of generating successful
transformants with this gene transfer method. Our study has hence opened up an avenue
for future studies on suceessful gene transfer to the orchid Dendrobium Sonia, which




COMPLEMENTATION BETWEEN CYMBIDIUM MOSAIC VIRUS 
AND ODONTOGLOSSUM RINGSPOT VIRUS 
 
 Despite taxonomic and structural differences, unrelated viruses are known to 
display  complementary functions resulting in cross-compatibility of their MPs (Atabekov 
and Taliansky, 1990). This phenomenon is non-specific and occurs even when the 
organization of the movement proteins of the viruses involved differ significantly 
(Malyshenko et al., 1989). A good example to describe structural differences of MP genes 
would be a potexvirus-tobamovirus comparison.  The potexvirus TGB functions as the 
movement protein and requires three MPs to mediate cell-to-cell movement (Morozov et 
al., 1989). Contrarily, the tobamoviruses have their MP encoded by a single distinct 
functional domain (Deom et al., 1987).  Despite this difference in nucleotide sequence and 
gene organization,  the cell-to-cell movement of PVX can be complemented efficiently by 
tobamoviruses (Taliansky 1982a, b, c; Morozov et al., 1997; Atabekov et al., 1999). Co-
bombardment of plant tissues with cloned TMV MP and GUS gene-tagged, movement-
deficient PVX showed that the TMV MP is able to functionally substitute the PVX MPs 
(Morozov et al., 1997). In plants doubly infected with SHMV and PVX movement-
deficient mutants, detection of the mutant virus confirmed that the MP of SHMV can 
functionally substitute the PVX TGB (Atabekov et al., 1999). Since these experiments 
involve heterologous potexvirus-tobamovirus complementation, our interest extended into 
this aspect involving CymMV and ORSV.  
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 In this chapter we report the possibility of reciprocal complementation between 
CymMV and ORSV. Hitherto, studies on complementation have focused  on MPs of plant 
viruses. Here we study complementation between MPs as well as CP genes of CymMV 
and ORSV.  Of several approaches that make such investigations possible, here we 
attempted to use transgenic plants carrying the MP and CP genes of CymMV and ORSV 
in the model system using N. benthamiana. 
 
5.1. Materials and Methods 
5.1.1. Plant Materials 
 The source for all plant materials were N. benthamiana maintained in vitro as 
nodal cuttings in the Plant Tissue Culture Laboratory of the Department of Biological 
Sciences, NUS. Leaf-disc explants were prepared from 4-6 week-old in vitro grown shoots 
maintained and multiplied on MS medium (Murashige and Skoog, 1962)  supplemented 
with 0.5mg/l BA. The plantlets were maintained at 26°C with 16 h photoperiod. For 
Agrobacterium-mediated transformation, 0.5 cm2 leaf-discs were cut out from fully 
expanded leaves, carefully avoiding the midribs.  
 
5.1.2. Bacterial strains and plasmids 
 The genes of interest were cloned into the vector pBI121 (Clontech, U.S.A.) and 
transformed into E. coli strain DH5α. The recombinant plasmid was then electroporated 




5.1.3. Cloning of the genes of interest into pBI121 vector 
     The cloning of the coat protein genes of CymMV and ORSV have been described 
in Sections 4.3.1 and 4.3.2 respectively. Additionally, two recombinant plasmids carrying 
the movement protein genes of CymMV and ORSV were generated for this study (Fig. 5.1 
and Fig.5.2). The CymMV TGB123 and ORSV MP genes were amplified using gene 
specific primers and the products cloned  into XbaI-BamHI and XbaI-SmaI sites of 
pBI121, respectively. 
5.1.3.1. Movement protein gene (TGB123) of CymMV  
     The CymMV movement protein is encoded by the triple gene block ORF between 
nt. 4333 and nt. 5478. It is constituted of three overlapping ORFs- TGB1, TGB2 and 
TGB3. Two primers were designed to amplify the TGB (Table 5.1). The 5’ ends of the 
primers were flanked by either an Xba I (+ primer) or Sma I (- primer) site. PCR was set 
up as described in Section 2.10. The cycles for the amplification of the TGB gene were: 
initial denaturation at 96°C, followed by 25 cycles of denaturation at 96°C for 15 s, 
annealing at 58°C for 30 s, and extension at 72°C for 80 s. Touch down annealing was 
performed by decreasing the annealing temperature at constant intervals to 52.5°C in the 
first 12 cycles. Final extension was carried out at 72°C for 2 min. An aliquot of the PCR 
product was analyzed on a 1% agarose gel. The expected band size of 1140 bp (∼ 1.2 kb) 
was obtained. To create a blunt ended fragment, 1µl of Klenow Fragment (5u/µl) was 
added to a 50 µl PCR product  and the reaction incubated at 37°C for 1 h. The PCR 
product was cleaned with Gene Clean Kit (Bio 101, U.S.A). The purified PCR product 
was then digested with Xba1. The pBI121 vector was digested with Sma 1 followed by 
Xba 1. Ligation was set up with the vector : insert set up at a molar ratio of 1 : 2 and 
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carried out overnight at 16°C.  The identity of the recombinant plasmid was verified by 
restriction enzyme digestion and by automated DNA sequencing.  
5.1.3.2. Movement protein gene of ORSV 
     The movement protein of ORSV is encoded by the ORF of size 911 bp from nt. 
4807 to nt. 5718. Two primers (described in Table 5.1) were used to amplify the 
movement protein gene. The 5’ ends of the primers were flanked by an  Xba I (+ primer) 
site or Sma I site (-primer). The PCR cycles for the amplification of the movement protein 
gene were: initial denaturing at 96ºC for 1 min,  followed by 25 cycles of denaturation at 
96°C for 15 s, annealing at 58°C for 30 s, and extension at 72°C for 80 s. Touch down 
annealing was performed by decreasing the annealing temperature at constant intervals to 
52.5°C in the first 12 cycles. Final extension was carried out at 72°C for 2 min. The PCR 
product of the expected band size 911 bp (~ 0.9 kb) was obtained. The PCR product was 
cleaned with Gene Clean Kit (Bio 101, U.S.A).  The purified PCR product was digested 
with Sma I followed by Xba I. The pBI121 vector was digested similarly. Ligation was set 
up following the molar ratio of vector : insert of 1: 2 overnight at 16ºC. The identity of the 
recombinant plasmid was verified by restriction enzyme digestion and by automated DNA 
sequencing.  
 
5.1.4. Preparation of electrocompetent Agrobacterium tumefaciens LBA 4404 
     Electrocompetent cells A. tumefaciens LBA 4404 were prepared as described in 
Section 2.14. Once prepared, the cells were frozen under liquid nitrogen and stored at -
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 Fig. 5.1. Schematic representation of CymMV TGB123 cloned in pBI121. 
Fig. 5.2. Schematic representation of ORSV MP cloned in pBI121. 
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Table 5.1. Primers used to clone the genes of interest  in pBI121 
CymMV TGB123: Xba I 4333-4361(+): 
 5’GCTCTAGAATGGAGCTAGCGTACTTAG 3’ 
CymMV TGB123: BamHI 5460-5478(-): 
5’CGGGATCCTTATTTCAAATTATTGTGG 3’ 
ORSV MP: Xba I 4807-4822(+):  
5’GCTCTAGAATGGGTCGTTTGCGTTTTGTAG3’ 
ORSV MP: Sma I 5698-5718(-):  
5’TCCCCCGGGTCAATACGGATCAGATTGTGC3’ 
 
Table 5.2. Primers used to detect transgenes in F0 and F1 generations 
 
CymMV CP: 5481- 5500 (+): 5’ATGGGAGAGCCCACTCCAGC3’  
CymMV CP: 6132- 6152 (-) : 5’TTATTCAGTAGGGGGTGCAG3’  
ORSV CP: 5722-5741 (+) : 5’TGTCTTACACTATTACAGAC3’  
ORSV CP: 6175-6194 (-) : 5’GGAAGAGGTCCAAGTAAGTC3’  
CymMV TGB123: 4333-4351 (+): 5’ATGGAGCTAGCGTACTTAG3’ 
CymMV TGB123: 5460-5478 (-): 5’TTATTTCAAATTATTGTGG3’  
ORSV MP : 4811-4828 (+):5’GTCGTTTGCGTTTTGTAG3’  
ORSV MP: 5698-5715 (-): 5’ATACGGATCAGATTGTGC 3’ 
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5.1.5. Electroporation and cell suspension of Agrobacterium tumefaciens LBA 4404 
     Electroporation of Agrobacterium LBA 4404 with recombinant plasmids and 
preparation of cell suspension were carried out as described in Section 3.5 and 3.6 
respectively. The plasmids electroporated were those carrying the CymMV and ORSV CP 
genes in the pBI121 vector. The plasmid preparations carrying the CymMV TGB123 and 
ORSV MP genes described in  Chapter 4 were also used.  
 
5.1.6. Generation of transgenic plants 
     Four different lines of N. benthamiana transgenic plants were generated by 
Agrobacterium-mediated transformation. The genes of interest that the lines carried were: 
CymMV TGB123, ORSV MP, CymMV CP and ORSV CP. 
       To generate the above lines, the respective genes of interest were cloned into the 
pBI121 vector as described in Sections 4.3.1., 4.3.2, and 6.1.3. These recombinant vectors 
were then transformed into DH5α cells. The plasmid was recovered from the DH5α and 
introduced into Agrobacterium LBA 4404 by electroporation. Bacterial cultures were 
raised from the colonies obtained by plating the electroporated LBA 4404 cells. Putative 
transgenic plants were obtained by transformation of N. benthamiana leaf discs co-
cultured with the cultures of LBA 4404. Leaves (0.5-1.0 g) of 4-6 cm tall shoots growing 
in vitro were harvested. DNA was extracted from them using the Plant DNAzol  Reagent 
(Gibco BRL, U.S.A.) and resuspended in TE buffer pH 8.0. PCR was performed to detect 
the presence of the respective transgene in the putative transgenic shoots. For each sample, 
0.5 µg of genomic DNA was used as template. PCR was carried out as described in 
Section 2.10. Gene specific primers used to carry out the PCR are described in Table 5.2. 
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Putative transformants from whose genomic DNA the respective transgene could be 
amplified by PCR were subcultured. These shoots were rooted in vitro and the rooted 
plantlets transferred to pots in the greenhouse for hardening. The presence of the transgene 
was confirmed in the putative CP transgenic plants by Southern blot analysis. The plants 
were allowed to self-pollinate and the seeds were collected and sown in compost. F1 
generation plants were raised in the greenhouse. DNA was extracted from 0.5 g of leaf 
tissues from these plants. PCR was performed to amplify respective transgenes from each 
line. Transgene incorporation in each plant was further confirmed by Northern blots in the 
CymMV TGB123 and ORSV MP F1 plants. 
 
5.1.7. Transformation of N. benthamiana  
     Healthy fully expanded young leaves of  N. benthamiana growing in vitro were 
used as explants for transformations. Leaves were excised from stock plants and immersed 
in sterile distilled water to avoid dessication. Leaves blotted on sterile Whatman paper 
were trimmed to remove the leaf edges and 1 cm2 explants prepared, without the midrib. 
The explants were immersed in the Agrobacterium suspension for 30 min. Explants were 
then blotted on sterile Whatman filter paper and placed on petri dishes containing MS 
medium supplemented with 1mg/l BA. The petri dishes were incubated in the dark for 2 
days. Explants were washed in sterile distilled water with 100 µg/ml carbenicillin for 15 
min followed by 200 µg/ml carbenicillin for 10 min. They were finally rinsed briefly in 
sterile distilled water. Washed explants were cultured on MS medium supplemented with 
1mg/l BA and containing 100 µg/ml kanamycin and 200 µg/ml carbenicillin for the 
selection of transgenic plants. The explants were cultured on fresh medium every two 
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weeks. Shoots (2-3 cm tall) arising from the edges of the explants were excised and 
cultured on fresh medium. 5-7 cm tall shoots were placed on MS basal medium containing 
100 µg/ml kanamycin and 200 µg/ml carbenicillin.   
 
5.1.8. Hardening of in vitro grown plants 
     Rooted plants were removed from culture containers and the agar around the roots 
was washed off in running tap water. The plants were rinsed in 0.5% Chlorox™ and 
planted in the potting mix. The pots were covered with plastic bags and allowed to 
establish in the soil in the green house. The plants were gradually hardened by lifting off 
the bags over an 8-12 week peroid.  The seeds from self-pollinated plants were collected 
and the F1 generation raised from them. 
 
5.1.9. Generation of non-radioactive DIG labelled cDNA probes for Southern blot 
analysis  
     DNA probes for the Southern blot analysis of the coat protein genes of CymMV  
and ORSV were prepared by random primed labelling. PCR products encompassing the 
coat protein genes of CymMV and ORSV were labelled with the non-radioactive hapten 
digoxigenin using the DIG DNA Labelling and Detection Kit (Roche Diagnostics, 
Germany) according to the manufacturer’s instructions.   The PCR products were 
generated using the infectious cDNA clones of CymMV (p18Cy13) and ORSV (pOT2) 
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Fig. 5.3.A. Schematic representation of pBlueORSVMP.  The ORSV MP 
spanning nucleotides 4807-5718 were cloned between the Xba I and Sma I sites 
of pBluescript K (+) cloning vector (Strategene, U.S.A.), flanked by the T3 and 
T7 RNA promoters. The plasmid was linearized with Xba I and minus sense  in 











Spe I (nt. 64) 
Fig. 5.3.B. Schematic representation of pGEMTGB123.  The CymMV 
TGB123 spanning nucleotides 4333-5478 were cloned between the Xba
I and Sma I sites of pGEM®-TEasy vector (Promega, U.S.A.), flanked 
by the T3 and T7 RNA promoters. The plasmid was linearized with Spe
I and minus sense  in vitro transcripts were generated using T7 
promoter. T represents the nt. T added to both 3’ ends of the vector 
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Fig. 5.4.A. Schematic representation of pBlueORSVCP. The ORSV CP 
spanning nucleotides 5721-6197 were cloned between the Xba I and Sma I sites 
of pBluescript KS(+) cloning vector (Stratagene, U.S.A.), flanked by the T3 and 
T7 RNA promoters. The plasmid was linearized with Xba I and minus sense  in 























Fig. 5.4.B. Schematic representation of pBlueCymMV CP. The CymMV CP 
spanning nucleotides 5481-6152 were cloned between the Xba I and Sma I sites of 
pBluescript KS(+) cloning vector (Stratagene, U.S.A.), flanked by the T3 and T7 
RNA promoters. The plasmid was linearized with Xba I and minus sense  in vitro
transcripts were generated using T7 promoter. 
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5.1.10. Generation of non-radioactive DIG labelled cRNA probes for Northern Blot 
Analysis 
     Minus strand RNA probes for the movement proteins of CymMV and ORSV were 
prepared. The ORSV MP cDNA clone (cloned in pBluescript KS+, Stratagene, U. S. A) 
pBlueORSV MP (Fig. 5.3.A) was linearized with Xba I. The CymMV TGB123 cDNA 
clone pGEMTGB123 (cloned in pGEM®-TEasy Vector, Promega, U. S. A.) was 
linearized with Spe I (Fig. 5.3.B). The T7 promoter on both pBluescript KS (+) and 
pGEM-TEasy vectors allowed the synthesis of cRNA probes from pBlueORSVMP and 
pGEMTGB 123 respectively. Probes were synthesized using the DIG RNA Labelling Kit 
(Roche Diagnostics, Germany) according to the manufacturer’s instructions. The CymMV 
TGB123 probe was complementary to nt. 4333-5478 and the ORSV MP probe was 
complementary to nt. 4807-5718.  
     Minus strand RNA probes for the coat proteins of CymMV and ORSV were 
generated from the templates pBlueCymMVCP and pBlueORSVCP (Fig. 5.4.A and Fig. 
5.4.B respectively). Both the CP genes were cloned into the  pBluescript KS (+) vector 
(Stratagene, U. S. A). The CymMV CP probe was complementary to nt. 5481- 6152 and 
the ORSV CP probe was complementary to nt. 5721-6197. Both plasmids were linearized 
with Xba I. The T7 promoter on both the plasmids allowed the efficient generation of in 
vitro transcripts. The non-radioactive DIG RNA-Labelling Kit (Roche Diagnostics, 
Germany) was used to generate in vitro transcripts from the linearized template according 





5.1.11. Southern blot hybridization 
5.1.11.1. Electrophoresis of DNA 
     Analysis of DNA was carried out according to Sambrook et. al. (1989). A 0.7 % 
gel was prepared by melting agarose in 0.5x TBE containing ethidium bromide (0.5 
µg/ml). 10µg of linearized genomic DNA heated at 56ºC for 3 min was mixed with 6X 
DNA loading dye (0.25 % bromophenol blue, 0.25 % xylene cyanol FF, 30 % w/v 
glycerol in water). The samples were electrophoresed at 20v for 7-8 h.  
5.1.11.2. Southern blot analysis 
     Nylon membranes (Roche Diagnostics, Germany) prepared for tranfer of DNA by 
rinsing  in sterile water and submerged in transfer buffer (20X SSC) for at least 5 min. The 
gel was rinsed in sterile water and rinsed gently in denaturation solution (0.5 N NaOH, 1.5 
M NaCl) for 15 min, twice. The gel was rinsed briefly in water and submerged in 
neutralization solution (0.5 M Tris-HCl, pH 7.5, 3 M NaCl) for 15 min, twice. The DNA 
was blotted overnight by capillary transfer onto the prepared nylon membrane. The 
transferred DNA was fixed to the membrane using a uv cross-linker (UVC 500, Hoefer, 
U.S.A.) at energy setting of 120 mjoules/cm2 according to the manufacturer’s instructions. 
The DNA was visualized by staining the membrane with 0.03% methylene blue in 0.03 M 
NaOAc. Hybridization and detection were performed as described in the DIG System 
User’s Guide for Filter Hybridization, (Roche Diagnostics, Germany) according to the 
manufacturer’s instructions. 
 
5.1.12. Mutagenesis of cloned DNA 
 Four mutant cDNA clones were constructed by mutagenesis of the infectious 
cDNA of CymMV and ORSV. The infectious cDNA clones used to construct the mutants 
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were the pOT2 clone of ORSV and p18Cy13 clone of CymMV. Two mutants were 
constructed from p18Cy13, one with start codon of CP inactivated and another with that 
of TGB inactivated. Similarly, from pOT2, two start codon inactivated constructs were 
created- one each with CP and MP. The mutagenic primers used are listed in Table 5.3. 
5.1.12.1. Point mutation by PCR 
     In vitro mutagenesis of  cDNA was performed using PCR with primers carrying 
the desired mutations. The aim of this mutagenesis was to inactivate the start codons of 
the CP and MP genes of the infectious clones  in p18Cy13 and pOT2. Hence the mutants 
created were designated with the prefix ‘ina ’ in front of the inactivated gene. The mutants 
produced were p18Cy13inaTGB123, p18Cy13inaCP and pOT2inaCP..The schematic 
diagram for this strategy is shown in Fig.5.5. Four primers were used to create each 
mutant from full-length cDNA clones. Of these four primers, two were designed based on 
the sequence of the two ends of the DNA and the other two based on the sequence in the 
middle of the DNA where the mutation occurred. The first round of PCR was carried out 
in two separate tubes to amplify two overlapping DNA fragments carrying the mutations. 
The products were purified using the Concert Rapid PCR Purification System (Gibco 
BRL, U.S.A.) and resuspended in TE buffer. In the second round of PCR, the PCR 
products generated in the first round  were included in the same reaction and the two end 
primers were used. The two overlapping DNA fragments were extended by mutually 
primed synthesis to form a whole DNA fragment. This fragment was then used as a 
template for the following rounds of amplification. The mutant fragment was then cut with 
unique restriction sites, the full-length infectious cDNA clone of the virus was also 
restricted at the same unique restriction sites, and the fragment carrying the mutation 











Fig. 5.5. Schematic representation of the introduction of a point mutation into 
the infectious cDNA clones of CymMV and ORSV. Primers M1 and M2 were 
gene specific mutagenic primers and carried the desired mutation and 
overlapped by a minimum of 14 bp. Primers P1 + M1 and P2 + M2 were used in 
the first round of PCR. The second PCR was performed using  primers P1 and 






5.1.12.2. Site-directed mutagenesis 
     The XL-Site directed Mutagenesis Kit (Stratagene, U.S.A.) was used to generate 
the pOT2inaMP mutant. Two mutagenic primers were used and the mutant generated 
according to the manufacturer’s instructions. The point mutation was confirmed by DNA 
sequencing.  
 
5.1.13. Replication and infectivity of the RNA transcripts generated from the mutant 
cDNA clones. 
5.1.13.1. Linearization of mutant cDNA clones and generation of in vitro transcripts 
     The mutant cDNA clones of pOT2inaMP and pOT2inaCP were linearized with 
BamH1. This produced two fragments- a larger ca 6kb fragment encoding the viral 
sequence of ORSV with the T7 promoter upstream of it and a smaller ca 3 kb fragment 
encoding the vector pBluescript KS+.  
     The mutant cDNA clones of p18Cy13inaTGB123 and p18Cy13inaCP were 
linearized with Sma 1 to produce a single linearized fragment ca 9 kb long encoding the 
vector pOT2 followed by the sequence encoding the T7 promoter and the CymMV viral 
sequence downstream of it. 
5.1.13.2. Protoplast isolation from N.  benthamiana   
     Protoplast isolation from N. benthamiana was performed according to the method 
of Yu H. H., Ph. D. thesis , National University of Singapore, 1999.  Fully expanded 
leaves of 8-12 week old N. benthamiana plants were sterilized in 1 % Chlorox™ solution 
for 2-3 min and washed with sterile water thrice (2 min per wash). The leaves were 
allowed to dry in a laminar airflow cabinet. The leaves were cut into 1 mm wide strips and 
placed in a petri dish containing an enzyme solution (0.1% cellulase, 0.2% macerozyme, 5 
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mM CaCl2, 0.6 M mannitol, in half strength MS medium, pH 5.8). The petri dish was  
incubated in the dark for 16 hours at room temperature with gentle swirling (20 rpm) on a 
rotary shaker.  The protoplasts were released by gently pipetting the digested leaf pieces 
with a sterile pasteur pipette. The clumps of leaf debris were removed using a sterile 
forceps and the suspension passed through a sterile 70 µm nylon sieve (FALCON, Becton 
Dickinson & Company, U.S.A.) into a fresh petri dish. The protoplasts were collected and 
pelleted at 30x g for 5 min. The supernatant was discarded and the pellet was resuspended 
in 21% sucrose (21% sucrose in ½ MS, pH 7.0) and centrifuged at 30x g for 10 min. The 
protoplasts were collected at the upper surface of the medium. The medium and the pellet 
were carefully removed using a pasteur pipette, with minimal disturbance to the layer of 
protoplasts. The protoplasts were washed gently in washing solution (10 mM HEPES, 5 
mM CaCl2, 150 mM NaCl, 0.5 M mannitol, pH 7.0) thrice. Finally, the protoplasts were 
resuspended in electroporation buffer (1 mM potassium phosphate, pH 7.0, 150 mM KCl, 
330 mM mannitol) to a final concentration of 1x106/ml protoplasts and kept on ice prior to 
electroporation.   
5.1.13.3. Electroporation of RNA into protoplasts 
     The RNA transcripts generated from mutant cDNA clones were electroporated into 
N. benthamiana protoplasts using the electroporation system and cuvettes as described in 
Section 3.5. Protoplast suspension was gently pipetted into the cuvette and mixed with 10 
µg of in vitro transcripts with a pasteur pipette. Electroporation was performed with the 
apparatus set at the following settings: 110 V, 72 Ω, 1000 µF. The cuvettes were placed 
on ice for 15 min after electroporation and then washed with MS medium (pH 5.8) with 
0.5 M mannitol. The protoplasts were removed from the cuvette and cultured in the dark 
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in 5 ml MS medium. To collect the protoplasts, the sample was transferred from the 
petridish into a 10ml centrifuge tube with a pasteur pipette and centrifuged at 30x g for 5 
min at room temperature. The pellet was resuspended in 1 ml washing solution and 
centrifuged at 13,000x g for 5 sec. The pellet was frozen in liquid nitrogen and stored at -
80°C until extraction of RNA from protoplasts.  
5.1.13.4. Extraction of RNA from protoplasts 
     To extract the RNA from protoplasts, the sample was thawed and an equal volume 
of 2X VEBA (200mM Tris pH 8.5, 1M NaCl, 1% SDS, 2mM EDTA) added to it and 
vortexed for 2 min. Following phenol-chloroform extraction (Section 2.12) with water-
saturated phenol, pH 4.0, the RNA was precipitated with 1/10 volume of 3M NaOAc and 
2 volumes of absolute ethanol overnight at -20°C. The precipitated RNA was washed with 
70% DEPC-treated ethanol and vacuum-dried. The RNA was resuspended in TE buffer. 
5.1.13.5. Infectivity of in vitro transcripts of mutant cDNA on N.  benthamiana  
     In vitro transcripts (5 µg) of mutant cDNA clones were inoculated on seedlings of 
N. benthamiana at the 8-leaf stage. In vitro transcripts of full-length infectious cDNA 
clones were inoculated on similar plants to serve as controls. 
   
5.1.14. Inoculation of in vitro transcripts on F1 transgenic N.  benthamiana 
     In vitro transcripts of mutant infectious cDNA clones were prepared as described 
in Section 6.1.11.1. 5 µg of in vitro transcript was inoculated onto each plant. Non-
transgenic N. benthamiana plants serving as controls were also inoculated. 5 µg of in vitro 
transcripts of infectious full-length cDNA clones were inoculated on non-transgenic plants 
to demonstrate the infectivity of the RNA. 
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5.1.15. Tissue-printing hybridization 
     Tissue-printing hybridization was carried out by a modification of a previously 
published method (Cassab and Varner, 1987; Mansky et al., 1990). The abaxial and 
adaxial sides of the leaf to be imprinted were dusted lightly with 600-mesh carborundum 
and brushed gently with a soft paint brush to create tiny wounds all over the leaf. The leaf 
was then placed between two pieces of nylon membrane (Roche Diagnostics, Germany) to 
detect RNA. The membrane sandwich was placed on a Whatman 3MM paper. The leaf 
samples were hand-printed onto the membranes by applying even pressure with the 
fingertips for 20 s all over the leaf. The tissue-printed membranes were air-dried and uv-
cross-linked. Prehybridization, hybridization and detection were carried out as described 
in Section 2.21.2. 
 
5.1.16. Leaf Immuno-blot 
     To obtain imprints of proteins localized in leaves, the abaxial and adaxial sides of 
systemic leaves were dusted lightly with carborundum and brushed gently with a soft 
paint brush, thus creating tiny wounds all over the leaf. The wounded leaf was placed 
between two pieces of PVDF membrane and pressed with the finger, applying even 
pressure for 20 s all over the leaf. The membranes were then gently agitated in transfer 
buffer (Section 2.23.) for 30 min. The membrane was then blocked overnight at 4ºC in 
blocking buffer and processed thereafter as per the Western Blot Analysis protocol 





5.2. Results  
5.2.1. Protoplast isolation 
     Good quality protoplasts of N.  benthamiana that were suitable for electroporation 
were obtained (Fig. 5.6) with the protocol that was followed. Most of the protoplasts 
isolated were intact both prior to and after electroporation. After electroporation with 
RNA, the protoplasts were cultured in MS medium for 24 h to test the replication of the in 
vitro transcripts of mutants. At the time of harvest (24 h post electroporation) the 
protoplasts remained intact.  
 
5.2.2. Replication and infectivity of the RNA transcripts generated from the mutant 
cDNA clones 
     Total RNA isolated from protoplasts was subjected to Northern blot analysis to 
ensure that the mutants could replicate. It was possible to detect both genomic and sub-
genomic RNA of the CymMV (p18Cy13inaTGB123 and p18Cy13inaCP) and ORSV 
(pOT2inaMP and pOT2inaCP) (Fig. 5.7 and Fig. 5.8). This indicated that the mutants had 
not lost their function of replication due to inactivation of the start codon of the MP and 
CP genes in both CymMV and ORSV.  
     To ascertain that the p18Cy13inaTGB and pOT2inaMP had lost their function of 
movement due to inactivation of the start codon of these genes, total RNA isolated from 
N. benthamiana plants (21 dpi) inoculated with in vitro transcripts of these two mutants 
was subjected to Northern blot analysis. Neither the genomic nor sub-genomic RNA could  
be detected from both inoculated and systemic leaves in CymMV and ORSV mutants, but 
were readily detected from inoculated and systemic leaves of plants inoculated with in 










Fig. 5.6. Protoplasts isolated from N. benthamiana leaves. Protoplasts 
were viewed and photographed under normal light illumination under a 
microscope. Bar: 50 µm. Protoplast isolation was performed according to 
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CymMV  noRNA  CP     TGB   
Fig. 5.7. Northern blot analysis to test the replication of p18Cy13 mutants in N. 
benthamiana protoplasts. Protoplasts isolated from N. benthamiana were electoporated 
with in vitro transcripts of mutants p18Cy13inaTGB123 and p18Cy13inaCP. RNA was 
harvested from protoplasts 48 h post-electroporation. CymMV represents in vitro 
transcripts of p18Cy13 used as positive control. No RNA represents protoplasts 
electroporated without any RNA used as negative control. inaCP and inaTGB represent 



































                                                                                                    
Fig. 5.8. Northern blot analysis to test the replication of pOT2 mutants in N.
benthamiana protoplasts. Protoplasts isolated from N. benthamiana were 
electoporated with in vitro transcripts of mutants pOT2inaMP and 
pOT2inaCP. RNA was harvested from protoplasts 48 h post-electroporation. 
pOT2 represents in vitro transcripts of pOT2 used as positive control. No 
RNA represents protoplasts electroporated without any RNA used as 
negative control. inaMP and inaCP represent in vitro transcripts of 
pOT2inaMP and pOT2inaCP respectively.  
 




5.9 and Fig. 5.10). These results showed that the p18Cy13inaTGB and pOT2inaMP were 
deficient in the cell-to-cell movement function. Similarly, to verify that the 
p18Cy13inaCP and pOT2inaCP had lost the ability to encapsidate the viral RNA and that 
of long-distance movement, total RNA isolated from N. benthamiana plants (21 dpi) 
inoculated with in vitro transcripts of these two mutants was subjected to Northern blot 
analysis. Genomic and subgenomic RNA were readily detected from inoculated and 
systemic leaves of control plants inoculated with in vitro transcripts of infectious full-
length cDNA clones, but were not detected from inoculated and systemic leaves of plants 
inoculated with p18Cy13inaCP and pOT2inaCP (Fig. 5.9 and Fig. 5.10). This showed that 
the mutants of the CP in both CymMV and ORSV were not able to perform the function 
of encapsidation and long-distance movement.  
     
5.2.3. Molecular analysis of transgenic plants 
     Transgene incorporation in the putative transgenic lines were carried out by 
molecular analysis. For all the four transgenic lines of N. benthamiana generated, initial 
screening for the presence of the transgene in the F0 (Agrobacterium-mediated 
transformants) generation was carried out by PCR analysis of genomic DNA. Genomic  
DNA was extracted from 0.5 µg of leaf tissue of putative transformants using the 
PlantDNAzol® Reagent (GibcoBRL, Ohio, U.S.A.) according to the manufacturer’s 
instructions. For each transgenic line, several independent transformants could be detected 
by PCR. (Fig. 5.11). PCR was set up as described in Section 2.10. Templates for the 
positive controls were 10 ng of infectious cDNA clones (p18Cy13 and pOT2 for CymMV 
and ORSV, respectively). Total DNA from non-transgenic N. benthamiana plants served 



























Fig. 5.9. Northern blot analysis to test the infectivity of p18Cy13 mutants in 
N. benthamiana. CymMV represents total RNA from plants inoculated with 
in vitro transcripts of p18Cy13 used as positive control. No RNA represents 
total RNA from mock inoculated plants. inaTGB and inaCP represent total 
RNA from plants inoculated with in vitro transcripts of p18Cy13inaTGB123
and p18Cy13inaCP respectively. 
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Fig. 5.10. Northern blot analysis to test the infectivity of pOT2 mutants in 
N. benthamiana. I represents total RNA from inoculated leaves. S 
represents total RNA from systemic leaves. The ORSV CP probe described 
in section 5.1.10. was used. ORSV represents in vitro transcripts of pOT2. 
pOT2inaMP and pOT2inaCP represent in vitro transcripts of pOT2inaMP 
and pOT2inaCP.  
 
   sg RNA  
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were allowed to grow into rooted plantlets in vitro. The plants were transferred from to the 
green-house and hardened. For the CymMV and ORSV CP lines, the putative transgenic 
lines were confirmed to be transgenic by Southern blot analysis. For the CymMV CP line, 
one line which showed the incorporation of a single gene copy was selected for further 
experiments (Fig. 5.12.A). For the ORSV CP, one line which showed the incorporation of 
two copies of the transgene were used in further experiments (Fig. 5.12.B). The lines 
which showed the presence of the transgene by Southern Blot analysis were allowed to set 
seed. These seeds were harvested and sown. The F1 generation of plants which showed 
the presence of the respective transgene by PCR analysis were used in the 
complementation experiments (Fig. 5.14). The CymMV TGB123 and ORSV MP putative 
transformants were allowed to self-pollinate and set seed. The F1 generation of transgenic 
plants were raised from these seeds. Total RNA was extracted from leaves of these plants 
and subjected to Northern blot analysis to confirm transgene incorporation (Fig. 5.15). 
Plants that indicated that the presence of the RNA transcript of CymMV TGB and ORSV 
MP were used to carry out the complementation experiments.  
 
 5.2.4. Complementation of movement function of p18Cy13inaTGB by transgenic 
plants expressing ORSV MP 
     To test if the movement function of the construct p18Cy13inaTGB could be 
rescued by transgenic N.  benthamiana plants expressing the ORSV MP, in vitro 
transcripts of the mutant were inoculated on transgenic ORSV MP as described in Section  
5.1.13.5. Control sets were non-transgenic N. benthamiana inoculated with 
p18Cy13inaTGB and the full-length infectious cDNA clone of CymMV, p18Cy13. The 





















Fig.5.11.B. PCR analysis of genomic DNA of putative Agrobacterium-mediated 
CymMV  N. benthamiana coat protein transformants. M: 12Kb DNA ladder; C: Positive 
control- p18Cy13; N: Negative control- genomic DNA from healthy N. benthamiana 
plants.Lanes 4-8: Putative transgenic lines. Lane 9: Non-transformed line. Primers used 
are listed in Table 5.2. 
 
671 bp 
Fig.5.11.A. PCR analysis of genomic DNA of putative Agrobacterium-mediated 
(F0) CymMV  TGB123  N. benthamiana transformants. M: 12Kb DNA ladder; C: 
Positive control- p18Cy13; N: Negative control- genomic DNA from non-transgenic
plants. Lanes 1, 2, 5, 6, 7, 9, 11, 12: Putative Agrobacterium-mediated transformants. 
Lanes 3, 4, 8 and 10: Non-transformed lines.  Primers used are listed in Table 5.2. 
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M   O  N   1    2    3   4   5   6   7    8   9  
Fig. 5.11.C. PCR analysis of genomic DNA of putative Agrobacterium-mediated 
(F0) ORSV MP N. benthamiana transformants. M: 12Kb DNA ladder; O: Positive 
control- pOT2; N: genomic DNA from non-transgenic plants; Lanes 1-3, 5,6 19: 
Putative  Agrobacterium-mediated transformants; Lanes 4, 7, 8: Non-transformed 
lines. Primers used are listed in Table 5.2. 
904 bp 
472 bp 
Fig. 5.11.D. PCR analysis of genomic DNA of putative Agrobacterium-mediated (F0) 
ORSV CP N. benthamiana transformants. M: 12Kb DNA ladder; O: Positive control-
pOT2;  N: Negative control- genomic DNA from non-transgenic plants; Lanes 1-
6,8,10: Putative Agrobacterium-mediated transformants. Lanes 7 and 9: Non-
transformed lines. Primers used are listed in Table 5.2. 






              
Fig. 5.12. Southern blot analysis to show the incorporation of coat protein 
transgenes in N. benthamiana Agrobacterium –mediated transformants. (A) 
CymMV CP (B) ORSV CP.  
NTRP represents negative control non-transgenic plants (DNA from healthy 
plants). p18Cy13 and pOT2 represent positive controls. TRP: DNA from putative 
transgenic plant. All samples were digested with Xba I, Hind III and EcoRV. 
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  M   -  +    1   2   3   4    5   6    7   8  9 10 11 12  13 14 15 
(B) ORSV CP 
(A) CymMV CP 
Fig. 5.13. PCR detection in transgenic plants of F1 generation: (A) CymMV CP 
gene (B) ORSV CP gene. Primers used to detect the transgenes are listed in table 
5.2. M: 12 Kb DNA ladder. (+): positive control DNA from infectious cDNA 
clone. (-): negative control DNA from non-transformed N. benthamiana plants. 1-
15: Putative transformants. 
472 bp 
671 bp 




    
(A) TGB123 
(B) ORSV MP 
904 bp 
1145 bp 
Fig. 5.14. PCR detection in transgenic plants of F1 generation: (A) 
CymMV TGB123 transgene (B) ORSV MP transgene. Primers used 
to detect the transgenes are listed in Table 5.2. M: 12 Kb DNA 
ladder. (+): positive control DNA from infectious cDNA clones (A) 
p18Cy13 (B) pOT2. (-): negative control DNA from non-
transformed N. benthamiana plants. 
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 O    N    1      2     3     4    5      6   7    8      9   10 
Fig.5.15.B. Northern blot analysis of F1 transgenic plants carrying ORSV MP 
gene. O represents total RNA from ORSV infected leaf. N (negative control)
represents total RNA from mock inoculated plants. 1-10 represent total RNA from
transgenic plants. 
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 N    C    1     2    3     4     5    6    7
Fig. 5.15.A. Northern blot analysis of F1 transgenic plants carrying 
CymMV TGB123 gene. C represents total RNA from CymMV infected 
leaf. N (negative control) represents total RNA from mock inoculated 
plants . 1-7 represent total RNA from transgenic plants.  
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inoculated leaves, small spots were barely visible around the immediate area of RNA 
inoculation and appeared like infection streaks of CymMV. However, these streaks may 
have been the effect of the inoculation procedure carried out while smearing the RNA 
with carborundum dusted on the leaf. In control plants inoculated with 
p18Cy13inaTGB123, no CymMV infection was observed in the inoculated as well as 
systemic leaves. Control plants infected with p18Cy13 clearly showed symptoms of 
CymMV infections, short streaks on the inoculated and systemic leaves of the plants. The 
RNA was extracted from inoculated and systemic leaves of experimental and control 
plants 21 dpi. Extracted RNA was analyzed by RT-PCR and Northern blot analysis. 
Primers used for RT-PCR were CymMV primer 
5’CGGGATCCTAGCTATAGGCCCCTGGC3’ corresponding to nt. 5429-5446(+) and 
5’CGGGATCCCTTTAGAAAACCACACGC corresponding to nt. 6169-6186(-) 
(described in Section 3.8). For each sample, 100 ng of total RNA was used as template. 
Leaves from plants inoculated with infectious transcripts of p18Cy13 produced a band of 
the expected size of 757 bp. In non-transgenic plants inoculated with in vitro transcripts of 
of p18Cy13inaTGB123, no band was amplified from inoculated and systemic leaves. A 
distinct band of 757 bp was amplified from the inoculated leaves but not from systemic 
leaves of transgenic plants (Fig. 5.16). This result indicated that p18Cy13inaTGB123 was 
able to move in ORSV MP transgenic plants. To confirm the results of the RT-PCR, the 
RNA was subjected to Northern Blot hybridization. The RNA was probed with in vitro 
transcripts of pBlueCymMV CP (Fig. 5.4.B). Genomic and sub-genomic CymMV RNA 
were detected from inoculated but not systemic leaves of ORSV MP transgenic plants. 
Non-transgenic plants inoculated  with in vitro transcripts of p18Cy13inaTGB123 did not 





Fig.5.16. RT-PCR analysis of  complementation of mutant p18Cy13inaTGB123 
in ORSV MP transgenic N. benthamiana plants. 100 ng of total RNA was 
used as the template in each reaction. M represents 1 Kb DNA molecular 
weight marker (GIBCO BRL, U.S.A.).Healthy represents negative control 
(total RNA from non-transformed N. benthamiana plants). pOT2 represents 
positive control (total RNA from pOT2 infected N. benthamiana plants). 
Non-TRP represents total RNA from non-transgenic N. benthamiana. TRP 
represents transgenic plants carrying the ORSV MP  transgene. I represents 
inoculated leaf. S represents systemic leaf. Primers used are described in 
section 5.2.4. 
         p18Cy13 M    TRP     NTRP   healthy
                                 I     S      I     S 
757 bp 
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 sub-genomic CymMV RNA were detected from plants inoculated with in vitro transcripts 
of p18Cy13. These results indicated that the ORSV MP was able to support the cell-to-cell 
movement but not systemic movement of p18Cy13inaTGB123.  
     
5.2.5. Complementation of movement function of pOT2inaMP by transgenic plants 
expressing CymMV TGB123. 
     To test if the loss of movement of the pOT2inaMP mutant could be complemented 
by CymMV TGB, in vitro transcripts generated from cDNA of pOT2inaMP were 
inoculated on transgenic N.  benthamiana plants expressing CymMV TGB123. Control 
sets were non-transgenic N. benthamiana inoculated with in vitro transcripts of 
pOT2inaMP and the full-length infectious cDNA clone of ORSV, pOT2. The plants were 
observed for 21 dpi. Systemic leaves of test plants did not show any symptoms of ORSV 
at the end of 21 dpi.  
     Symptoms of ORSV were also not observed on the inoculated leaves. In the 
control plants, the set inoculated with pOT2 showed symptoms of ORSV infection by 
about 18 dpi on both the inoculated and systemic leaves. On control plants inoculated with 
pOT2inaMP, no symptoms of ORSV infection were observed on the inoculated and 
systemic leaves. Both inoculated and systemic leaves were harvested at 21 dpi and RNA 
was extracted. The RNA was subjected to RT-PCR and Northern blot analysis. Primers 
used for the RT-PCR were ORSV CP primers 5’TGTCTTACACTATTACAGAC3’ and 
5’GGAAGAGGTCCAAGTAAGTC3’ corresponding to  nt 5722-5741(+) and nt 6175-
6194(-) respectively. From RNA of plants inoculated with in vitro transcripts of pOT2, a 
prominent band of the expected size of 472 bp was amplified. No band was amplified  
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Fig. 5.17. Northern blot analysis of  complementation of mutant p18Cy18inaTGB 
in ORSV MP transgenic N. benthamiana plants. Healthy  represents negative 
control (total RNA from non-transformed N. benthamiana plants). p18Cy13 
represents positive control (total RNA from CymMV infected N. benthamiana
plants).  NTRP represents total RNA from non-transgenic N. benthamiana. TRP 
represents transgenic plants carrying the ORSV MP  transgene. I represents 
inoculated leaf. S represents systemic leaf.  
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 from RT-PCR products of inoculated and systemic leaves of non-transgenic plants 
 inoculated with in vitro transcripts of pOT2inaMP (Fig. 5.18). From total RNA of  
CymMV TGB123 transgenic plants,  the 472 bp band was distinctly amplified from 
inoculated leaves but not systemic leaves. To confirm the results, Northern Blot analysis 
was carried out. The RNA was probed with the ORSV CP probe (Fig. 5.4.A). Genomic 
and subgenomic RNA could be detected from the RNA of non-transgenic plants 
inoculated with pOT2 and from inoculated but not systemic leaves of CymMV TGB123 
transgenic plants. ORSV RNA could not be detected from inoculated or systemic leaves of 
non-transgenic plants.  These results indicated that the CymMV TGB could support the 
cell-to-cell but not systemic movement of ORSV.  
 
5.2.6. Complementation of encapsidation of pOT2inaCP by transgenic plants 
expressing CymMV CP 
     To explore the possibility that the functions of the pOT2inaCP could be 
complemented by the expression of the ORSV CP in transgenic plants, in vitro transcripts 
of the mutant pOT2inaCP were inoculated on transgenic N. benthamiana plants 
expressing the CymMV CP. Control plants were non-transgenic plants inoculated with in 
vitro transcripts of pOT2inaCP and the full-length infectious clone, pOT2. The plants 
were observed for 21 dpi after which the inoculated and systemic leaves were harvested, 
and RNA extracted from them. RT-PCR and Northern blot analysis were carried out on 
the RNA samples. Upto harvest at 21 dpi, no symptoms of ORSV infection were observed  
on both inoculated and systemic leaves of test plants and control plants infected with in 
vitro transcripts of pOT2inaCP. Plants inoculated with in vitro transcripts of pOT2 
showed symptoms of infection at about 18 dpi on both inoculated and systemic leaves. 
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Fig. 5.18. RT-PCR analysis of complementation of mutant pOT2inaMP in 
CymMV TGB123 transgenic N. benthamiana plants. 100 ng of total RNA was 
used as the template in each reaction. M represents 1 kb DNA molecular 
weight marker (GIBCO BRL, U.S.A.). N  represents negative control (total 
RNA from non-transformed N. benthamiana plants). C represents positive 
control (total RNA from ORSV infected N. benthamiana plants). NonTRP
represents total RNA from non-transgenic N. benthamiana. TRP represents 
transgenic plants  carrying the CymMV TGB123 transgene. I represents 
inoculated leaf. S represents systemic leaf. Primers used are described in
section 5.2.5. 
472 bp 
                        NTRP       TRP 




Fig. 5.19. Northern Blot analysis of complementation of mutant pOT2inaMP in 
CymMV TGB123 transgenic N. benthamiana plants. N  represents negative 
control (total RNA from non-transformed N. benthamiana plants). O represents 
positive control (total RNA from ORSV infected N. benthamiana plants). NTRP 
represents total RNA from non-transgenic N. benthamiana. TRP represents 
transgenic plants  carrying the CymMV TGB123 transgene.I represents inoculated 
leaf. S represents systemic leaf. 
                           TRP               NTRP 






  Primers used to detect the ORSV CP band were 5’TGGTGTTAGTGATATTCG3’ 
corresponding to nt 5652-5669 (+) and 5’GGAAGAGGTCCAAGTAAGTC3’ 
corresponding to nt 6175-6194(-). The expected PCR band of 542 b. p. was detected in the 
inoculated leaves of CymMV transgenic plants and non-transgenic control plants, but not 
in systemic leaves of both transgenic test plants and non-transgenic controls. This 
indicated that the CymMV CP in the transgenic plants was unable to complement the 
systemic spread of the inactivated ORSV CP clone, pOT2inaCP.  
     To confirm the above results, a mixture of in vitro transcripts of p18Cy13 and 
pOT2inaCP were inoculated on healthy seedlings of N. benthamiana at the 8-leaf stage. 
The inoculated and systemic leaves were harvested at 21 d.p.i. and RNA from these 
samples were subjected to RT-PCR using the primers used in the transgenic plant strategy 
described above. Positive controls for the RT-PCR were total RNA from N. benthamiana 
plants infected with in vitro transcripts of pOT2 and negative controls were total RNA 
from healthy leaves of N. benthamiana. The expected 542 b.p. band was dectected in the 
inoculated but not systemic leaves of test plants. This result confirmed that the CymMV 


























Fig.5.20. RT-PCR analysis of  complementation of mutant pOT2inaCP in: (A) 
CymMV CP transgenic N. benthamiana plants (B) plants doubly inoculated with in 
vitro transcripts of p18Cy13 and mutant pOT2inaCP. Total RNA (100 ng) was used 
as the template in each reaction. M represents 1 Kb DNA molecular weight marker 
(GIBCO BRL, U.S.A.). N represents negative control (total RNA from non-
transformed N. benthamiana plants). C represents positive control (total RNA from 
ORSV infected N. benthamiana plants).  NTRP represents total RNA from non-
transgenic N. benthamiana. TRP represents transgenic plants carrying the CymMV 
CP transgene. DI represents double inoculation. I represents inoculated leaf. S 
represents systemic leaf. Primers used are described in section 5.2.6. 
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5.2.7. Complementation of encapsidation of p18Cy13inaCP by transgenic plants 
expressing ORSV CP 
5. 2.7.1. RT-PCR and DNA sequencing 
     To investigate the possible complementation of capsid protein inactivated 
p18Cy13inaCP in transgenic plants expressing the ORSV CP, in vitro transcripts of 
p18Cy13inaCP were inoculated onto transgenic plants expressing the ORSV CP. Control 
plants were non-transgenic plants inoculated with in vitro transcripts of p18Cy13inaCP 
and the full-length infectious cDNA clone, p18Cy13. Plants were observed for 21 dpi. 
Thereafter, RNA was extracted from inoculated and systemic leaves of test and control 
plants and analyzed by RT-PCR and Northern blot analysis. Upto 21 dpi, no visible 
symptoms of CymMV infection were observed in inoculated and systemic leaves of test 
plants and control plants inoculated with in vitro transcripts of p18Cy13inaCP. In test 
plants inoculated with in vitro transcripts of p18Cy13, typical symptoms of CymMV 
infection were seen as small white streaks that appeared on systemic and inoculated leaves 
by 18 dpi. Primers used for RT-PCR were CymMV primer 
5’CGGGATCCTAGCTATAGGCCCCTGGC3’ corresponding to nt. 5429-5446(+) and 
5’CGGGATCCCTTTAGAAAACCACACGC corresponding to nt. 6169-6186(-) 
(described in Section 3.8). When run on a 1% agarose gel, the RT-PCR products showed a 
band of the expected size (757 b.p.) in the inoculated and systemic leaves of transgenic 
plants. In non-transgenic plants, this RT-PCR product was detected only in inoculated 
leaves, but not in systemic leaves (Fig. 5.21). To confirm that the 757 bp band in the 
systemic leaves of transgenic plants was indeed derived from the inactivated CymMV CP 
(p18Cy13inaCP), the band was excised from the agarose gel and subjected to DNA 
sequencing. The primer used for the sequencing was the CymMV 5429-5446(+) primer 
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described above. The results of the sequencing showed that transcripts of the start codon 
inactivated CymMVinaCP clone were transported to the systemic leaves (Fig.5.22.B). The 
ATG to ATC start codon was detected in the sequencing electropherogram (Fig. 5.22.A). 
This indicated that the N. benthamiana plants carrying the ORSV CP transgene were 
capable of complementing the long-distance movement deficiency created in the 
p18Cy13inaCP clone. (Fig.5.22.A). 
5. 2.7.2. Tissue printing analysis 
     Tissue printing analysis experiment were carried out to further validate the results 
presented above. In this experiment, systemic leaves of ORSV CP transgenic plants were 
inoculated with in vitro transcripts of the p18Cy13inaCP clone. Non-transgenic plants 
were also inoculated with in vitro transcripts of the p18Cy13inaCP clone and negative 
controls were mock inoculated healthy N. benthamiana plants. Three weeks post-
inoculation, the systemic leaves of ORSV CP transgenic plants and non-transgenic plants 
were subjected to tissue printing analysis.  The procedure is described in Section 5.1.15 . 
The probe used was the DIG labelled RNA probe derived from pBlueCymMVCP (Fig. 
5.4.B). The results are presented in Fig. 5.23.A. and B. The leaf blot analysis showed that 
RNA derived from p18Cy13inaCP could move cell-to-cell (Fig. 5.23.A.) and long-
distance (Fig. 5.23.B) in ORSV CP transgenic plants but was unable to move in healthy, 
non-transgenic plants. This indicated that the ORSV CP was able to complement the 
transport of CP deficient CymMV genome. 
     The cell-to-cell movement deficient mutant of PVX was complemented in 
transgenic plants and co-bombardment experiments by the CPs of PVY and PVA 
(Fedorkin et al., 2000). Long distance movement was not supported as was determined by 


























                                                   
 
 
                                   
 
                                                          
 
757 bp 
        NTRP    TRP 
 M  C   N    I     S    I    S  
Fig. 5.21. RT-PCR analysis of complementation of mutant p18Cy13inaCP 
in ORSV CP transgenic N. benthamiana. Total RNA (100 ng) was used as 
the template in each reaction. M represents 1 Kb DNA molecular weight 
marker (GIBCO BRL, U.S.A.). N represents negative control (total RNA 
from non-transformed N. benthamiana plants). C represents positive control 
(total RNA from CymMV infected N. benthamiana plants). NTRP 
represents total RNA from non-transgenic N.  benthamiana. TRP represents 
transgenic plants carrying the ORSV CP transgene. Primers used are 


































































                                                                                                                                nt. 6117 
Fig. 5.22(B): Sequencing results of CymMV CP amplified from systemic leaves of ORSV 
CP transgenic plants. 
Fig. 5.22.A. Electropherogram of CymMV CP amplified from systemic leaves of 
ORSV CP transgenic N. benthamiana. 
nt. 5481 (CymMV CP start) 
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RNA produced by the CP deficient clone of CymMV is able to move out of the inoculated 
leaf into the systemic leaves in transgenic ORSV CP plants. Yet, it was evident that the 
RNA derived from the mutant clone moved to the systemic leaves in very low quantities 
as was revealed by the faint signals obtained from leaves of test plants  in comparison to 
the leaves of control plants infected with CymMV ( Fig. 5.23.B).  
5.2.7.3. Whole leaf and  immunoblot 
     Leaf immunoblot detection (as described in Section 5.1.16) was carried out to 
ascertain whether thep18Cy13inaCP clone produced the coat protein of CymMV which 
would indicate if heterologous encapsidation could occur. In vitro transcripts of 
p18Cy13inaCP clone were inoculated on ORSV CP transgenic N. benthamiana. Controls 
were non-transgenic N. benthamiana plants inoculated with in vitro transcripts of 
p18Cy13inaCP. The membrane onto which the whole systemic leaf was blotted was 
detected with antibody specific to CymMV raised in rabbits.  Immunoblot detection 
showed that CymMV proteins were not produced in inoculated nor systemic leaves of test 
plants (Fig. 5.24). Western blot analysis of these leaves yielded similar results, indicating 
that the p18Cy13inaCP was unable to produce the CymMV CP (Fig. 5.25). This result 
taken with those presented in Section 5.2.7.2 , indicated that the CymMV RNA was able 
to move in an unencapsidated form in ORSV CP transgenic plants. These results are 
consistent with that reported in the complementation of PVX CP mutants by potyviral CPs 
where  proteins of PVX CP mutants could not be detected from transgenic plants 
expressing the PVY CP (Fedorkin et al., 2000). 
5.2.8. Electron microscopy 
     To address the question of whether the p18Cy13inaCP is encapsidated by the 
ORSV CP or the inactivated CymMV CP, TEM was carried out as described in Section  
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Fig. 5.23.A. RNA leaf blot analysis of inoculated N. benthamiana leaves. (A) 
Negative control- mock inoculated leaf of non-transgenic healthy plant. (B) 
Inoculated  leaf of ORSV CP transgenic test plants inoculated with in vitro
transcripts of p18Cy13inaCP. (C) Positive control- inoculated leaf of plants 
infected with in vitro transcripts of p18Cy13. Leaves were pressed and the 
membrane was probed with the CymMV CP antisense RNA probe described 
section 5.1.10.( Fig. 5.4.B). Dark coloured areas indicate the presence of CymMV 
RNA. 
(A) (B) (C) 
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Fig. 5.23.B. RNA blot of systemic N. benthamiana leaves. (A) mock 
inoculated non-transgenic healthy plant (B) systemic leaf of ORSV CP 
transgenic test plants inoculated with in vitro transcripts of p18Cy13inaCP. (C) 
Positive control- systemic leaf of plants inoculated with in vitro transcripts of 
p18Cy13. Leaves were pressed and the membrane was probed with the 
CymMV CP RNA probe described in section 5.1.10. (Fig. 5.4.B). Dark 
  (A) (B) (C) 
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3.6.2. Virus particles were absent in inoculated nor systemic leaves of test plants (ORSV 
CP transgenic plants inoculated with p18Cy13inaCP). Wild type CymMV and ORSV 
particles were found in non-transgenic control plants inoculated with in vitro transcripts of 
p18Cy13 and pOT2 respectively.  
5.2.9. Infectivity of crude sap 
     To ascertain infectivity of the crude sap extracts of ORSV CP transgenic plants 
complementing movement  of in vitro transcripts of p18Cy13inaCP, crude sap extracts of 
these plants prepared by homogenizing the systemic leaf were inoculated onto non-
transgenic N. benthamiana plants. Plants inoculated with crude sap extracts taken from 
plants previously infected with in vitro transcripts of p18Cy13 were used as a control. 
After 3 weeks, total RNA were harvested from test and control plants. The RNA were 
subjected to RT-PCR using the primers described in Section 3.8. On an agarose gel, the 
test samples did not show any band but the control samples clearly showed a 757 bp band 
of the expected size (Fig. 5.26). The crude sap extracts of p18Cy13inaCP infecting ORSV 
CP transgenic plants were unable to produce CymMV infection in non-transgenic N. 
benthamiana plants.  
 
5.3. Discussion  
     The ORSV MP was able to substitute functionally for the CymMV TGB proteins. 
Both CymMV and ORSV require the MP for efficient cell-to-cell movement. They differ 
in their structural organization in that the TMV MP is constituted by a single ORF with 
distinct domains for RNA binding, plasmodesmatal targeting and increasing SEL of the 
plasmodesmata, whereas the CymMV TGB is constituted of three ORFs that perform the 









Fig. 5.24. Whole leaf immunoblot of p18Cy13inaCP in ORSV CP transgenic 
plants.(A) : Positive control CymMV infected leaf; (B): Negative control 
healthy leaf ;(C): Inoculated leaf – p18Cy13inaCP on healthy non-transgenic 
plants;(D): Systemic leaf- p18Cy13inaCP on healthy non-transgenic plants; 
(E): Inoculated leaf- p18Cy13inaCP on ORSV CP transgenic plant 
(F):Systemic leaf-p18Cy13inaCP on ORSV CP transgenic plants; 
Pressed leaves were probed with CymMV CP antiserum. Dark areas (as in A) 
show the presence of viral protein. 
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Fig. 5.25. Western blot analysis of ORSV CP transgenic N. benthamiana
inoculated with p18Cy13inaCP. Total proteins were extracted from 
inoculated and systemic leaves of ORSV CP transgenic plants inoculated 
with p18Cy13inaCP and analyszed on a 15% SDS-PAGE gel. The proteins 
were blotted onto a PVDF membrane and probed with anti-serum specific to 
CymMV raised in rabbits. N. benthamiana leaf infected with in vitro
transcripts of p18Cy13  was used as a control. I represents inoculated leaf, S 
represents systemic leaf. M represents BenchMark ™ PreStained Protein 
Ladder ,  Invitrogen Corp., U.S.A. 
                                                TRP 
KDa        M   CymMV       I          S 






movement of CymMV TGB. The results obtained can be compared to the results of 
complementation experiments between BSMV, a hordeivirus (also a TGB virus) and 
TMV (tobamovirus) MP. In this complementation experiment, a full-length BSMV clone 
with a TMV MP as its only functional MP was able to move cell-to-cell in a host common 
to the parental viruses (Solovyev et al., 1996). These results indicated that the TMV MP 
(tobamovirus MP) was able to support the movement of BSMV, a virus with a TGB 
orgainzation. Using the co-bombardment approach, it was demonstrated that cell-to-cell 
movement of a 25 kDa MP-defective full-length cloned PVX genome was restored by 35S 
constructs containing the MP gene of two tobamoviruses (tomato mosaic virus or crucifer 
tobamovirus) or RCNMV (Morozov et al., 1997). PVX requires CP for cell-to-cell 
movement (Chapman et al., 1992a). The cell-to-cell movement of PVX mutants could be 
complemented efficiently by the tobamovirus SHMV in cowpea, suggesting that the 
SHMV MP can substitute functionally for the PVX MPs and PVX CP (Atabekov et al., 
1999). Successful trans-complementation was reported with TMV P30 and the PCV and 
BNYVV TGB proteins (Lauber et al., 1998). In transgenic plants accumulating TMV MP, 
cell-to-cell spread but not systemic transport of a movement defective CMV was observed 
by immunodetection and in situ localization techniques (Cooper et al., 1996). Movement-
defective CMV was able to move locally and systemically in transgenic N. benthamiana 
expressing either TMV MP or RCNMV MP (Rao et al., 1998). 
     The results showed that the CymMV TGB123 was able to functionally restore the 
cell-to-cell but not long distance movement of the ORSV MP deficient clone. These 
results are comparable to the complementation between TMV and BSMV. Using the co-
infection approach, it was shown that complementation of TMV cell-to-cell transport in 
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757 bp 
Fig. 5.26. Infectivity of crude sap extracts of p18Cy13 and ORSV CP 
transgenic plants inoculated with p18Cy13inaCP. RT-PCR was performed 
using CymMV CP primers described in section 3.8. M represents the 12 




cell transport of RCNMV was supported by TMV (Giesman-Cookmeyer et al., 1995). Our 
results confirm the observations that the compatibility of MP functions of unrelated  
viruses is not affected by the  monopartite or multipartite nature of the  viral MPs 
(Malyshenko et al., 1989; Solovyev et al., 1996; Morozov et al., 1997; Rao et al., 1998).  
    The mechanism by which the TGB proteins intervene in cell-to-cell movement is 
unknown, but it is  possible that the hydrophobic TGB2 and TGB3 provide a docking site 
for TGB1-viral RNA complex at the plasmodesmata where the TGB1 alters the 
plasmodesmatal SEL and potentiates the transit of the viral RNA (Lauber et al., 1998).  
Hence a highly specific interaction occurs among cognate TGB proteins which determine 
the function and stability of  the complex (Bleykasten-Grosshans et al., 1997; Lauber et 
al., 1998).  
     The TMV MP provides the RNA-binding ability in the process of viral transport. 
A temperature sensitive (ts) TMV mutant of TMV in which a point mutation at aa position 
153 (resulting in replacement of the aa Ser for Pro) was defective in movement but could 
be supplemented by the wildtype PVX (Taliansky et al., 1982 b,c). This point mutation is 
unlikely to have had its MP-binding ability abolished as an MP deletion mutant lacking aa 
130-185 retained its RNA binding properties (Karpova et al., 1997). Hence, here we 
propose that when pOT2inaMP is complemented by CymMV TGB123, the mutant ORSV 
still provided the RNA binding ability, while the cell-to-cell movement of the ORSV RNA 
was mediated by the CymMV TGB proteins.  
     Complementation studies in plant viruses have focussed largely on the movement 
proteins of the viruses involved. Our study of CP complementation allows comparisons to 
be made with only one earlier report of CP complementation, of that between PVX and 
PVY (Fedorkin et al., 2000).  Our results showed that the ORSV CP is able to 
 122
complement the inactivated CymMV CP. The RNA derived from the p18Cy13inaCP was 
able move in inoculated as well as systemic leaves of transgenic ORSV CP plants. No 
CymMV CP were detected, indicating that the ORSV CP did not complement the 
formation of the CymMV CP. Neither heterologous virion formation nor encapsidation of 
the inactivated p18Cy13inaCP by a truncated CP occurred. Our results suggest that the 
movement process of the CymMV is not entirely dependent on the formation of virus 
particles. These results also suggest  that the CPs of tobamo- and potexviruses display 
complementary activities in the viral movement process and that in this case, the 
complementary activity of the ORSV CP is not due to heterologous encapsidation.   
 
 


















Table 5.3. Primers used to construct the point mutations. 
 
Primers used to construct p18Cy13inaTGB123: 
Primer 1(P1): 2281-2298(+): 5’ GGG TAC ATC GAG AGG ATG 3’ 
Primer 2(P2): 6133-6152(-) : 5’ TTA TTC AGT AGG GGG TGC AG 3’ 
Primer 3(M1):4322-4344(+): 5’GTT AAT TTT TGA TCG AGC TAG CG3’ 
Primer 4(M2):4322- 4344(-): 5’CGC TAG CTC GAT CAA AAA TTA AC3’ 
Primers used to construct p18Cy13inaCP: 
Primer 1(P1): 4333-5022(+): 5’ GCT CTA GAA TGG AGC TAG CGT ACT TAG 3’ 
Primer 2(P2): 6132-6152(-): 5’ TTA TTC AGT AGG GGG TGC AG 3’ 
Primer 3(M1):5474-5492(+): 5’GAA ATA ATC ATC GGA GAG CCC 3’ 
Primer 4(M2): 5474-5492(-): 5’ GGG CTC TCC GAT GAT TAT TTC 3’ 
Primers used to construct pOT2inaCP: 
Primer 1(P1): 4811-4828(+): 5’ GTC GTT TGC GTT TTG TAG 3’ 
Primer 2(P2): 6500-6520(-): 5’  CAT GAT CCA TAT ACA CAA CCC 3’ 
Primer 3(M1): 5712-5731(+): 5’ GTA TTG AAT ATC TCT TAC AC 3’ 
Primer 4(M2): 5712-5731(-): 5’ GTG TAA GAG ATA TTC AAT AC 3’ 
Primers used to construct pOT2inaMP: 
Primer 1: 4787-4828(+): 5’ GGT CCA CAA GAC CGC AGT AAA TCG GTC GTT TGC 
GTT TTG TAG 3’ 
Primer 2: 4787-4828(-): 5’ CTA CAA AAC GCA AAC GAC CGA TTT ACT GAG GTC 
TTG TGG ACC 3’ 
 
 
* the strategy used to construct the mutants is described in Fig. 5.5. The point mutations 






SYNERGISM BETWEEN CYMBIDIUM MOSAIC VIRUS AND
ODONTOGLOSSUM RINGSPOT VIRUS
    The occurrence of mixed infections commonly seen in the plant kingdom often results
in exacerbated symptom development in the affected plants. Many mixed infections have
been reported earlier, and have been reviewed in Chapter 1. Mixed infections  cause a
synergism, often resulting in increased RNA accumulation of one or both the infecting
viruses. Increase in RNA accumulation in double infections as compared to single
infections may be due to enhanced viral RNA accumulation or due to an increase in the
number of infected cells. Orchids are commonly doubly-infected by CymMV and ORSV.
An exacerbated symptom development was observed in orchids doubly infected with both
CymMV and ORSV. These coinfections cause several diseases in orchids, showing more
pronounced symptoms than single infections of either virus alone. Symptoms in orchids
include mottling, colour breaking, ridging, thickening, curling and distortion of flowers,
and abnormal growth and stunting of plants in Cattleya, Cymbidium, Odontoglossum,
Phalaenopsis and Oncidium, and Renanthera. Orchids are slow growing plants. This
makes the study of the course of viral infections in orchids a long drawn-out procedure. In
order to overcome this obstacle, we chose N. benthamiana as a model system to study
double infections of these two viruses. This fast-growing Solanaceaous herb is a systemic
host of both CymMV and ORSV. In this plant, CymMV infection typically causes
intermittent white lines on the leaves, while ORSV causes mild mosaics and distortion in
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emerging leaves. In mixed infections the symptoms are severe, resulting in crinkling of
leaves and severe distortion and size reduction of emerging leaves and very often
producing dark green islands on the leaves. The synergistic symptoms first begin to appear
in the newly emerging leaves at  about 8 dpi, and are manifested by severe crinkling and
abnormal dark-green areas. Doubly infected plants eventually have two distinct categories
of leaves- the lower fully expanded leaves that appeared prior to coinfection and upper
highly distorted, diminutive leaves with severe viral symptoms that emerge post
coinfection (Fig. 6.1. I).
    This chapter describes our studies on synergism between CymMV and ORSV.
Interaction between CymMV and ORSV was examined by comparing  the accumulation
of viral RNA and proteins in single and double infections. TEM studies were carried out
to observe viral particle accumulation in single and double infections of CymMV and
ORSV. Further transgenic plants were used to study the synergism.
6.1. Materials and Methods
6.1.1. Plant material and inoculations
    Test plants were 4-6 week-old seedlings of N. benthamiana at the 8-leaf stage. The
seedlings were grown in a growth chamber at 25ºC under a 16 h photoperiod. The plants
were kept in the dark for 24 h before inoculation. Viral RNA from purified virus extracted
as described in Section 2.9 served as the inoculum. Virus purification is described in
Sections 2.8.1. and 2.8.2. For each plant, typically the third uppermost true leaf was
inoculated. For the single infections, 5 µg of viral RNA was inoculated. For the mixed

















































Fig. 6.1. Symptoms of infection in  Nicotiana benthamiana  by CymMV alone, ORSV 
alone and double infections. (A) Healthy, uninfected plant; (B) double infection of 






Fig. 6.1. Symptoms (E-H)on single leaves: (E) Healthy (F) CymMV alone





 inoculated. The viral RNA were mixed well with an equal volume of inoculation buffer
(1% sodium pyrophosphate, 1% bentonite) prior to inoculation. The surfaces of the leaves
were first dusted lightly with carborundum (330 grit, Fisher Scientific) and the inoculum
gently smeared onto the leaf with a pipette tip. Healthy N. benthamiana plants were mock
inoculated and served as controls.
6.1.2. Samples for RNA extraction
    Samples were harvested from virus inoculated plants at 3, 5, 7, 9, 12, 15, 18 and 21
d.p.i. For each stage, three plants were inoculated. At each experimental stage, 0.5 g of
leaf material was harvested, starting from the leaf above the inoculated leaf.
6.1.3. RNA extraction and Northern blot hybridization
    Extraction of total RNA was carried out immediately after harvesting the samples. The
protocol followed is described in Section 2.20. The extracted RNA was subjected to
agarose gel electrophoresis and Northern blot hybridization as described in Section 2.21.
6.1.4. Samples for extraction of proteins
    Samples were harvested at the same stages as for RNA extraction described in Section
6.1.2. For each sampling stage, 0.5 g of leaf material from that just above the inoculated
leaf was harvested.
6.1.5. Protein extraction and Western blot analysis
    Extraction of total protein was carried out as described in Section 2.22. Extracted
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proteins were subjected to SDS-PAGE and Western Blot Analysis as described in Section
2.23.
6.1.6. TEM of singly and doubly infected N. benthamiana tissues.
    Singly and doubly infected N. benthamiana (1 g) tissues were crushed and samples for
TEM prepared from them as described in Section 3.6.2. This study was undertaken to
compare  the levels of infectious viral particles in singly and doubly  infected tissues.
6.1.7. Analysis of ORSV RNA accumulation in CymMV transgenic plants.
    From the results observed from RNA and protein accumulation in single and double
inoculations, transgenic plants harbouring the coat protein gene of CymMV were tested
for the role of the transgene in producing synergistic symptoms when inoculated with
ORSV RNA. The transgenic line used was the F1 generation of N. benthamiana carrying
the CymMV CP described as in Chapter 5. Seedlings of this line were inoculated with
5 µg in vitro transcripts of pOT2. Control plants were mock-inoculated and non-transgenic
N. benthamiana plants inoculated with 5µg in vitro transcripts of pOT2 .
6.2. Results
6.2.1. Accumulation of CymMV RNA
    The accumulation of CymMV viral RNA was studied in single and double infections by
Northern blot analysis of total RNA. For each sampling (dpi) a 10µg aliquot of total RNA
were run on formaldehyde gels (Section 2.21). The RNA was blotted onto positively
charged nylon membranes and  probed with DIG labelled in vitro transcripts derived from
pBlueCymMVCP  as described in Section 5.1.10. (Fig. 5.4.A). In both single and double
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infections, CymMV genomic and sub-genomic RNA were detected starting 12 dpi (Fig.
6.2. and 6.3). The intensity of the genomic RNA was higher in singly infected CymMV
samples than in doubly infected ones. In doubly infected plants, the genomic RNA
appeared to decrease  after 18 dpi when compared to single infections. The intensity of the
RNA were quantified densitometrically using the Quantity.one program from Biorad,
U.S.A. The average of three replicates were taken to plot the relative peak RNA densities
on a histogram. The data obtained on 9 dpi are shown. (Fig. 6.7). There was a small but
consistent decrease in infection levels of  CymMV RNA in double infections than in
single infections.
6.2.2. Accumulation of ORSV RNA
    The accumulation of ORSV viral RNA was studied in single and double infections by
Northern blot analysis of total RNA. For each sampling (dpi) a 10µg aliquot of total RNA
were run on  formaldehyde gels (Section 2.21). The RNA was blotted onto positively
charged nylon membranes and  probed with DIG labelled in vitro transcripts derived from
pBlueORSVCP  as described in Section 5.1.10. (Fig. 5.4.B). The intensity of the genomic
bands were quantified by a densitometric scan of the blot aided by the Quantity.one 4.4
program from Biorad. In single infections of ORSV, the genomic band was detected
starting 9 dpi. In double infections, ORSV genomic RNA were detected, albeit in very low
quantities at 7 dpi itself. At 9 dpi, the genomic RNA were clearly detected in double
infections (Fig. 6.3). The genomic band intensities at 9 dpi were higher in double
infections than in ORSV infections alone. The average of three replicates were taken to
plot the relative peak RNA densities on a histogram (Fig. 6.7). A great difference in
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Fig. 6.2. Northern blot analysis of CymMV in  total RNA from leaves of (A)
singly and (B) doubly infected leaves of N. benthamiana plants. Systemic
leaves of CymMV (A) or CymMV+ORSV (B) were assayed at 3 to 21 dpi.
Total RNA were transferred to nylon membranes and  probed with the
antisense CymMV probe described in section 2.1.10 (Fig. 5.4.B).
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infected plants  versus ORSV infections alone. By 21 dpi, the decrease in CymMV
infections as compared to double infections was very evident.
6.2.3. Accumulation of CymMV and ORSV coat proteins
    Total proteins were fractionated on 15% SDS-PAGE gels and blotted onto
nitrocellulose membranes as described in Section 2.23. For each sample, a 10 µl aliquot of
the supernatant containing the total proteins were mixed with an equal volume of loading
buffer and heated at 95ºC for 5 min prior to loading onto the gel. Proteins were transferred
to a nitrocellulose membrane by electroblotting. Primary antibodies raised in rabbits
specific to the coat protein of each virus were used in the detection procedure. For
CymMV single and double infections, viral proteins were detected at 12 dpi in both single
and double infections. The amount of CymMV proteins in double infections was lower
than in single infections, starting 12 dpi (Fig. 6.4). Coat proteins of ORSV accumulated to
higher levels in doubly infected plants than in singly infected ones (Fig. 6.5). In both
single and double infections, ORSV proteins were detected at 9 dpi. This data supported
that obtained from the RNA accumulation study described above.
6.2.4. TEM of singly and doubly infected N. benthamiana tissues.
    To determine rate of particle production in singly and doubly infected tissues, TEM of 1
g weight samples of fresh tissue was carried out. To equalize the samples, 1 µl aliquots of
viral preparations were viewed under TEM with uranyl acetate staining. In double
infections, the number of ORSV particles superceded by far the number seen in single
ORSV infections alone. Also, the number of CymMV particles observed in double
infections were much lesser than those observed in single infections of CymMV. This
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Fig. 6.3. Northern blot analysis of ORSV in  total RNA from leaves of (A) singly and
(B) doubly infected leaves of N. benthamiana plants. Systemic leaves of ORSV (A) or
CymMV+ORSV (B) were assayed at 3 to 21 dpi. O refers to ORSV RNA (positive
control). Total RNA were transferred to nylon membranes and  probed with the
antisense ORSV probe described in section 2.1.10 (Fig. 5.4.A).
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Fig. 6.4. Western blot analysis of total protiens from (A) CymMV  infected leaves and
(B) doubly infected (CymMV+ORSV) leaves probed with CymMV CP antibody.
Total proteins were extracted from systemic leaves of singly and doubly infected
plants. The proteins were electrophoresed on 15 % SDS-PAGE gels and transferred to
PVDF membranes and probed with antibody specific to CymMV raised in rabbits. M
represents BenchMark ™ PreStained Protein Ladder, Invitrogen  Corporation, U.S.A.
(A)
(B)
M     C      3       5       7    9      12   15    18   21








leads to the proposal that the enhancement of ORSV levels in double infections was due to
an increase in the number of particles produced during the synergy.
6.2.5. Analysis of ORSV RNA in CymMV CP transgenic plants
    Total RNA was extracted from systemic leaves of test and control plants 9 dpi. Ten µg
aliquots of the  RNA were subjected to Northern blot analysis and probed with the DIG
labelled CP RNA probe derived from pBlueORSVCP (Fig. 5.4.A). Three replicates were
maintained for the experiment which was repeated twice. The results showed that
transgenic CymMV CP plants inoculated with in vitro transcripts of pOT2 contained more
ORSV genomic RNA than non-transgenic control plants inoculated with in vitro
transcripts of  pOT2 (Fig. 6.6). Densitometric scanning of the X-ray revealed that the
levels of genomic length ORSV RNA in CymMV CP transgenic plants were similar to
that observed in doubly infected plants and that of control plants were similar that of
singly infected ORSV. The average readings of  three sample  replicates of genomic RNA
run on agarose gels were plotted on a  histogram. The level of ORSV RNA accumulation
in the transgenic CymMV CP plants was similar to that of ORSV accumulation in double
infections of CymMV and ORSV  (Fig. 6.7). Further the transgenic plants showed
exacerbated symptoms of virus infections (similar to double infections of CymMV and
ORSV) in stark contrast to the control plants which showed symptoms similar to ORSV
infections commoly seen in N. benthamiana. These symptoms began to appear at 11-12
dpi in the newly emerging leaves and progressed to all systemic leaves in a manner similar
to the synergism caused by double inoculations of CymMV and ORSV.
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Fig. 6.5. Western blot analysis of total protiens from (A) ORSV infected
leaves and (B) doubly infected leaves (ORSV+CymMV). Total protein
were extracted from systemic leaves of singly and doubly infected plants.
The proteins were electrophoresed on 15 % SDS-PAGE gels and
transferred to PVDF membranes and probed with antibody specific to
ORSV raised in rabbits. M represents BenchMark ™ PreStained Protein
Ladder, Invitrogen  Corporation, U. S. A.
(A)
(B) M     O       3      5      7       9     12    15   18    21
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Fig.6.6. Northern blot analysis to show the accumulation of ORSV genomic
RNA in non-transgenic and CymMV CP transgenic plants. Systemic leaves of
non-transgenic and CymMV CP transgenic plants were subjected to northern
blot analysis.  Total RNA were transferred to nylon membranes and  probed
with the antisense ORSV probe described in section 2.1.10 (Fig. 5.4.A).
























Fig. 6.7. Accumulation of virus genomic viral RNA  in N. benthamiana at 9 dpi.
The level of genomic RNA was determined by Northern blot analysis. The value
for each column represents the average of three replicates from
10 µg of total RNA. Bars represent standard deviation. Infections represented are:
1. ORSV in single infections
2.ORSV in double infections
3. CymMV in single infections
4. CymMV in double infections
5. ORSV in single infection (control for Transgenic plant experiment)
6. ORSV in CymMV CP transgenic plants
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6.3. Discussion
    In this chapter, we investigated the phenomenon of synergism between CymMV and
ORSV. In our preliminary experiments, we merely mixed crude sap extracts of CymMV
infected plants with those of ORSV infected plants and inoculated the mixture onto
healthy N. benthamiana plants. Plants inoculated with crude sap extracts from single
infections of CymMV or ORSV alone served as controls. It was observed that plants with
mixed viral infections displayed intensified synergistic symptoms when compared to the
milder symptoms seen in single infections of CymMV or ORSV alone. These
observations led us to probe into the biological complexity  of this synergism, for which
we conducted a time-course assay to monitor  RNA and protein accumulation in singly
and doubly infected plants. In  the ORSV RNA accumulation experiment, the genomic
RNA of ORSV was clearly detected in both single and double infections at 9 dpi.
However, at 7 dpi, very small amounts of ORSV genomic RNA were detected in double
infections. This result pointed to the fact that an accelaration of ORSV  RNA
accumulation was a likely feature of this synergism. A similar phenomenon was noticed in
the synergism between PMV and SPMV where, in  double infections of these viruses
SPMV showed an acceleration of systemic transport than in single infections of SPMV
alone (Scholthof, 1999). The study of RNA accumulation of CymMV in singly versus
doubly infected tissues revealed that in both infections, the CymMV RNA were detected
in vivo at 12 dpi. Densitometric scans of the blots revealed that in single infections,
CymMV genomic RNA was accumulated to a greater extent than in double infections on
the first detection day itself (12dpi). Subsequently, at 18 and 21 dpi the titer CymMV
genomic RNA in single infections were higher than in double infections. The results are
presented on a histogram (Fig. 6.7).
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    Further, the singly and doubly infected tissues for virus particle accumulation under
TEM were studied. Virus preparations from equalized quantities of plant tissues were
subjected to TEM. There were far more ORSV viral particles in doubly infected
preparations than in singly infected ones. In the preparations of double infections, particles
of CymMV were greatly reduced in number, when compared to preparations of single
infections of CymMV alone. Based on this observation and the results of RNA replication
profiles, it is tempting to speculate that the intensified symptoms of this synergism are
caused by an increase in the accumulation of virus particles, mainly ORSV.  Since the titer
of the CymMV particles was noticeably decreased in double infections than in those of
CymMV alone, it is interesting to find out the plausible role that this virus could play in
this synergism. Further, the coat proteins of viruses are known to play a vital role in
symptom elucidation and therefore, it is also of interest to study the roles of the viral coat
proteins in this synergism.
    An experiment was carried out to determine the outcome of co-inoculating the full-
length in vitro transcripts of CymMV  with in vitro transcripts of the CP deficient clone of
the ORSV and vice-versa. Symptoms of synergism were not observed in either of the two
sets of experiments. Hence it became evident that the coat proteins of either CymMV or
ORSV or both are involved in determining the synergism. Therefore, to study the effect of
the coat protein in the synergism, full length in vitro transcripts of pOT2, the infectious
cDNA clone of ORSV were inoculated on transgenic plants carrying the CymMV CP
transgene and observed against non-transgenic plants inoculated with the same  in vitro
transcripts. In these test plants, symptoms of synergism similar to those of double
inoculations were  observed. Starting at 12 dpi, the uppermost leaves exhibited curling of
the leaves, accompanied by dark-green islands that progressed over time to the lower
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leaves. In due course, the systemic leaves of the plants began showing intensified
symptoms of synergism with the dark-green islands and leaf shape distortion as observed
on most of the systemic leaves. Test plants inoculated with in vitro transcripts of pOT2
showed symptoms typical of ORSV infection while mock-inoculated controls showed no
symptoms of viral infection at all. Transgenic ORSV CP plants inoculated with in vitro
transcripts p18Cy13 showed no symptoms of synergism. Hence the genomic RNA
accumulation profiles of the CymMV CP transgenic plants that showed synergistic
symptoms when inoculated with pOT2 were studied.  The genomic RNA accumulation
profile was similar to that of ORSV accumulation in double inoculations. More ORSV
RNA was detected in CymMV CP transgenic plants than in non-transgenic plants
inoculated with in vitro transcripts of pOT2 (Fig. 6.6). When plotted on a histogram, the
average peak density of ORSV in the test plants were very similar to the ORSV titer in
doubly inoculated tissues (Fig. 6.7). Since the values on the histogram were very similar,
it is highly indicative that the CymMV CP plays a crucial role in the synergism, and could
be responsible for the enhancement in the levels of ORSV RNA and the intensification of
symptoms. In the synergism study between PVX and Potyviruses  (TEV and TVMV),  the
potyviral 5’ proximal sequences were shown to mediate the synergism using the
transgenic plant approach. Transgenic plants carrying the 5’ proximal potyviral sequences
when inoculated with potyviruses showed  symptom intensification similar to double
infections of PVX and potyviruses (TEV and TVMV). Genomic PVX RNA accumulated
to levels  similar to double inoculations of PVX and the potyviruses (Vance et al., 1995).
In the synergism between PMV and SPMV,  the SPMV CP was shown to be inducer of
severe chlorosis characteristic of the synergism (Qiu  et al., 2001). To understand plant
viral synergisms, two mechanisms have been proposed (Goldberg et al., 1987; Rochow et
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al., 1955). A perturbation of normal cellular regulation may cause a synergism by
inducing a higher concentration of virus in each cell, or an increase in the number of
infected cells may occur during the synergism due to  the relaxation of cell-type
specificity facilitating cell-to-cell movement. It would be of interest to assess the
mechanism underlying the synergism between CymMV and ORSV.
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CHAPTER 7
GENERAL DISCUSSION AND FUTURE PROSPECTS
In this study, the genetic variability of the coat protein genes and molecular
interactions of two plant viruses- CymMV and ORSV were studied. The research is
divided into two parts. The first part investigates the genetic variability of the coat protein
and attempts to produce transgenic orchids- Dendrobium Sonia, harbouring the coat
protein genes of CymMV and ORSV. The second part investigates two interactions-
synergism and complementation between  the viruses. An investigation of these
interactions provides an opportunity to study virus replication and movement and
therefore the alteration of pathogenicity of one virus when it interacts with the coinfecting
virus.
The genetic variability of the coat proteins of CymMV and ORSV from
geographically different areas were compared with published coat protein sequences.
Homology at the nucleotide level among the CymMV isolates was 89.1%-99.7% and
95.5%-100% among the ORSV isolates. At the amino acid level, homology among the
CymMV isolates were 93.2%-100% and 93%-100% among the ORSV isolates. No
particular region of variability could be defined in either CymMV or ORSV. In deduced
amino acid sequence, the N-terminal was more conserved than the C-terminal in both
CymMV and ORSV. We compared the sequences determined in this study with those
published in the GenBank databases, and found that there was no clustering based on
geographical distribution or sequence identity. These data indicated that the coat protein
sequences of both CymMV and ORSV were highly conserved. This also indicated that the
coat protein genes were ideal candidates to provide resistance to orchids cultivated in
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different geographical locations.
The results of the variability of the coat proteins genes indicated high molecular
homogeneity between isolates from varying geographical locations. Coat protein-mediated
resistance has been a widely used pathogen-derived resistance strategy (Beachy et al.,
1990; Hackland et al., 1994; Kunik et al., 1994; McGrath et al., 1997) and its success in
producing a broad ranging virus resistant orchid would depend on the sequence similarity
between the transgene and the virus infecting the plants (Lomonosoff GP, 1995).
Therefore, we attempted to use the coat proteins of CymMV and ORSV to produce
transgenic Dendrobium Sonia orchids. A previously published protocol (Yu et al., 2001)
used successfully for Dendrobium Madame Thong-In was adopted with modifications.
This protocol however did not yield successful regeneration of Dendrobium Sonia. The
liquid medium used for the culture proved highly unsuccessful in the initial stages of
culturing. On a solid medium, the explants gave rise to new protocorms that were used in
the transformation. Residual activities of Agrobacterium that remained throughout the co-
cultivation stage may have caused the rapid necrosis and death of the explants. In a future
attempt to generate transgenic orchids, it would be beneficial to standardize the co-
cultivation period and the washing steps so as to completely destroy the Agrobacteria
after the co-cultivation stage.
Viral interactions offer a unique opportunity to investigate alteration of viral
accumulation and pathogenicity of one virus when it interacts with a second virus. In this
study we have investigated two viral interactions- complementation and synergism
involving CymMV and ORSV.
Of several approaches available to study complementation, we have used
transgenic plants carrying the coat protein and movement protein genes. The movement
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proteins of CymMV and ORSV have shown reciprocal cell-to-cell complementation
despite showing considerable structural differences. In complementation experiments
between BSMV and TMV, a full-length BSMV clone with a TMV MP as its only
functional MP was able to move cell-to-cell in a host common to the parental viruses
(Solovyev et al., 1996). Using the co-infection approach, it was proven that
complementation of TMV cell-to-cell transport in barley by BSMV occurs (Hamilton et
al., 1970). Our results confirm the observations that the compatibility of MP functions of
unrelated viruses is not affected by the monopartite or multipartite nature of the viral MPs
(Malyshenko et al., 1989; Solovyev et al., 1996; Morozov et al., 1997; Rao et al., 1998).
To date most complementation studies have focussed on the movement proteins of the
viruses involved. In our work, we have studied complementation between coat proteins of
CymMV and ORSV. To our knowledge, this coat protein complementation study is
second only to that involving PVX and PVY (Fedorkin et al., 2000). The PVX CP-
deficient mutant was able to move from cell-to-cell but not long distances in PVY CP
transgenic plants. In our experiments, ORSV CP transgenic plants supported the long
distance movement of a CymMV CP deficient  clone. No transencapsidation was
observed, and the CymMV CP was not produced. Therefore, the ORSV CP supported the
CymMV CP mutant movement by a mechanism that neither used transencapsidation nor
CP substitution.  To our knowledge, this is the first report of successful long-distance
movement of a CP-deficient CymMV clone due to complementary activity of ORSV CP.
It is evident from this study that the role of the CP in long-distance movement is not
restricted to that of virion formation alone. The data from our studies on complementation
suggest that the MPs and CPs of potex- and tobamoviruses show complementary activities
in the movement process. The mechanism by which the complementation occurs is yet to
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be elucidated.
Symptoms of synergism in double infections of CymMV and ORSV have resulted
in  diseases of orchids and are described in Chapter 6. This is the first known report of in
vivo studies of  synergism involving these two viruses. Enhancement of ORSV RNA
levels occurred, while that of CymMV decreased. Disease symptoms and ORSV RNA
accumulation  levels in transgenic CymMV CP plants were highly similar to those
observed in double inoculations.  It is therefore apparent that the replication of the
CymMV genome is not required for the CymMV-ORSV synergism. The most widely
studied  plant viral synergism is the interaction of PVY and PVX (Damirdagh and Ross,
1967; Ford and Ross, 1962a, b; Goodman and Ross, 1974a, b; Rochow and Ross, 1955;
Vance, 1991; Vance et al., 1995). Using the transgenic approach, it was found that 5’
proximal potyviral sequences could mediate synergistic disease in PVX and PVY (Vance
et al.,1995). In the PMV-SPMV synergism, the CP of SPMV was implicated as the cause
of the synergism and the chlorosis inducing domains of the CP were clearly defined (Qiu
and Scholthof, 2001). In the synergism between CymMV and ORSV, future studies on the
domains inducing the synergism will be challenging as inactivating or deleting the CP will
restrict viral movement of CymMV and ORSV in plants.
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